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Abstract
Control of Tetrahymena pyriformis as a cellular microrobot using various stimuli at low Reynolds
numbers
Dal Hyung Kim
Min Jun Kim, Ph.D.
Recently, there are growing interests in microrobotics to accomplish micro scale tasks such as single
cell manipulation, cell therapy and drug delivery. Due to the need for complicated fabrication tech-
niques and the absence of sensing elements of artificial microrobots, biological microrobots which
utilize motile microorganisms as a platform have been highlighted as an alternative. In this the-
sis, control of the Tetrahymena pyriformis (T. pyriformis), a biological cellular microrobot using
galvanotaxis, phototaxis, and magnetotaxis is demonstrated. Electrical stimulation, in the form
of a direct current (DC) electric field through the containing fluid, causes a change in swimming
direction towards the cathode. Photo-stimulation, by high intensity broadband light, results in a
rotational motion of the cells. Magnetotaxis is the ability to sense magnetic fields which allows a
cell to coordinate its motion in response. Magnetotaxis is artificially implemented to T. pyriformis
by internalizing magnetic nano-particles into the cell body in order to develop the robustly con-
trollable biological microrobot. Since the artificial control modules are combined into the biological
system, the motion of artificial magnetotactic T. pyriformis is finely controllable. Using external
time-varying magnetic fields, the swimming direction of artificial magnetotactic T. pyriformis can
be controlled while the propulsive swimming force is exerted by the endogenous motility of the cell.
In this thesis, the fabrication and control methods of artificial magnetotactic T. pyriformis have
been introduced and demonstrated. In order to develop a kinematic model, the magnetic properties
of the developed microrobot are characterized and proved experimentally. In the results, real-time
autonomous control is demonstrated using an integrated system with feedback control schemes and
feasible path planning algorithms. In addition, three-dimensional control is developed and demon-
strated as well.

1Chapter 1: Introduction
1.1 Microrobotics at low Reynolds number
Traveling inside the human body is one of the popular ideas in science fiction movie. In the movie,
G.I. Joe: The rise of Cobra in 2009, the small miniaturized robot, called nanomites, are injected
in blood vessels and prevent potential attacks from foreign agents such as snake venom. Recently,
as the field of engineered micronanoscale robotics matures, a need for control and measurement of
miniaturized systems has emerged. This reduction in length scale brings several limitations, such as
supplying power and wireless or untethered control of robotic structures.
The Reynolds number is a dimensionless number, defined as ρvL/µ, where ρ is the density of
the fluid, v is the velocity of object, L is a characteristic linear dimension, and µ is the dynamic
viscosity of the fluid1. It is interpreted as a ratio of inertia force to viscous force and is the charac-
terizing perimeter for determining whether a flow is laminar or turbulent. In most environments for
microrobotics, the Reynolds number is less than one, which is extremely lower than the borderline
between the laminar and turbulent flow (∼2000) . In such an extreme condition, the inertial and
gravitational force are negligible and the viscous force become a dominant factor to determine the
motion in the fluid. Thus, the normal swimming motion in macro-scale world is no longer applica-
ble, and nonreciprocal motions are needed to exert propulsive force for swimming in micro-fluidic
environment, in other words the low Reynolds number regime2.
The field of microrobotics first emerged in the 1950s due to a need for micromanipulators3. Later,
the concept of integrating systems in small devices called microfactory, lab-on-a-chip, factory-on-a-
chip, and so on have been introduced in late 1990s4. In these small devices, the need of microrobot
has been highlighted and microrobots became a potential solution for workers and transporters.
As the fields of Microelectromechanical systems(MEMS) was emerged and matured, miniatured
functional components became available and sub-millimeter scale manipulation appeared and were
utilized as an agent in a small scale worlds. Jager et al.5 introduced the microactuator using the
2MEMS technology for the purpose of single cell manipulation, which is very similar to the industrial
robot arm.
A new type of microrobots, called the untethered microrobots, was introduced a decade ago
by physicists and biologists1; they were the first to integrate and mimic the swimming motion of
microorganisms. This type of microrobots has been highlighted due to the various potential ap-
plications in wide range of fields, specially in biomedical fields. Nelson et al. have introduced the
potential biomedical applications of microrobots such as drug delivery, marking sensing, and so on6.
The untethered microrobots have been considered as a very promising solution for cell therapy due
to the ability to apply a small amount of chemical on a localized area using miniaturized robots;
However there are a lot of challenging problems such as tracing, tracking(or control) of small ob-
jects, immunization, and so on. These microrobots have also demonstrated the ability to perform
microscale tasks such as transporting20.
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There are two major categories of microrobots: artificial microrobots and biological microrobots. Ar-
tificial microrobots are man-made microrobots, fabricated using micro- and nano-fabrication meth-
ods. Biological microrobots directly utilizes motile organelles, such as flagella and cilia, from live
cells. Microorganisms have been utilized as actuators for microrobots because of the propulsive ca-
pability of cellular motors such as flagella and cilia. Artificial and biological microrobots capable of
operating at low Reynolds number environments have been investigated for microscale applications
such as drug delivery and microassembly6.
1.2.1 Artificial microrobots
For artificial microrobots, fabrication of miniaturized actuator at low Reynolds number is the key.
Actuation of man-made microrobots is a challenging problem because they move in the low Reynolds
number regime, where the viscous force is dominant.
Artificial microrobots are categorized by types of motion. One type of artificial microrobot
motion is walking on the surface. The major forces acting on this type of artificial microrobot are
actuation and friction force. Actuation force is normally exerted either its own locomotion or by
external magnetic fields. In order to reduce the friction force, oscillation or vibration are utilized
to minimize the interaction between the robot and the surface. The untethered microrobots, called
Magmite, introduced as a potential solution in biomedical fields9,10. The microrobot moves by
impact-driven mechanical force using oscillating magnetic fields. Some researchers have utilized
magnetic forces and stick-slip motions to reduce friction forces to manipulate microrobots. Pawashe
et al. generated the stick-slip motion by utilizing external pulsed magnetic fields to actuate multiple
magnetic microrobots, while some selected microrobots are anchored by an array of electrostatic
pads on the surface.11,12 Sakar et al.13 utilized the stick-slip motion and magnetic pulling force to
control a microrobot fabricated with magnetite-doped SU-8 photoresist.
The other type of artificial microrobot motion is swimming. This type of microrobots is further
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robots which are controlled by magnetic pulling force. However, this requires a strong magnetic
force and a relatively large magnetic system. Leong et al.7 developed the microgripper which is
controlled by pulling magnetic force. Its gripping motion is manipulated using the environment
condition such as temperature. The gripper hinge was fabricated using two different materials so it
can be bent when the temperature is changed. This microgripper demonstrated the medical applica-
tions such as biopsy. Abbott el al.8 also fabricated similar types of artificial swimming microrobots
by the pulling force exerted by the gradient of the magnetic fields. Another swimming artificial
microrobots utilized its locomotion for its propulsion. Some researchers have investigated artificial
microrobots by mimicking motile organelles such as flagella using micro- and nano- technologies.
The propulsive force of the artificial flagella microrobots is generated by the helical structure and
rotational magnetic fields. Like the swimming motion of bacteria, the flagella-like helical structure is
rotated by the magnetic fields to create the propulsive force. The flagella-like artificial microrobots
have been investigated14 15. Those microrobots utilized the rotating electromagnetic fields to enable
the corkscrew motion of the helical shape body to exert a propulsive force. Zhang et al.16 designed
an artificial microrobot which mimicked flagellar motions using a helical tail and a magnetically
controllable head. Ghosh et al.17 introduced the fabrication and control method of the single-digit
micron size bacteria-like artificial microswimmers. Schuerle et al.19 introduced magnetic nano-helix
fabrication method using lipids. The 3D swimming motion in Fetal bovine serum was demonstrated
with the helical shape microrobots fabricated using direct laser writing and e-beam evaporation
technique20. The cilia, which is the another motile micro organelle, is another potential solution for
microrobots. Vilfan et al.18 have tried to mimic its shape and motion.
1.2.2 Biological microrobots
Another approach in microrobotics is to utilize live microorganisms as actuators. Microorganisms
have cellular motors, such as flagella and cilia, which exert mechanical swimming forces by drawing
chemical energy from their fluidic environments.
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vestigated intensively. The movements of eukaryotic cells such as Euglena 21, and Paramecium 22,23
have also been studied and demonstrated. Using microorganisms as microrobots have the advan-
tages of utilizing the sensory system for control. Microorganisms can sense external stimulus and
coordinate its motion in response; this is known as taxis (e.g. chemotaxis, galvanotaxis and photo-
taxis). The bi-flagellated algae, chlamydomonas reinhardtii, have been utilized as micro-actuators,
called microoxen, while it is harnessed on the inorganic material (a polystyrene beads)24. Another
microorganism, Vorticellas, has investigated as a biological motor to deliver micro-scale particles
using streptavidin biotin binding.25 Martel et al.26–28 investigated the magnetotactic bacteria which
are controlled by actuating the internalized nanometer-sized magnetosomes using external magnetic
fields. It is introduced as a possible solution for many bio-medical applications because it can be
controlled and visualized for tracking and monitoring using medical imaging device such as magnetic
resonance imaging (MRI). Behkam et al.2,29,30 utilized bacteria, Serratia marcescens, as actuators
by attaching a cells on the polystyrene surface of microspheres. Swarming bacteria harnessed on
the scalable inorganic material (SU-8) have utilized as actuators and sensors31–33. Swarm bacteria
have much more power than that of a single cell because they possess more flagella and longer cell
body34. Steager et al.32,35 have studied on/off phototactic control, directional electrokinetic control,
and sensing of bacteria powered microrobot
1.2.3 Summary
The main advantage of microrobots is a wireless control. This advantage may possibly allow many
medical applications to be realized, such as the minimally invasive surgery, target drug delivery, local
cell therapy and so on. The one of the major advantages of using artificial microbrobots is robust
control. In addition, they can be fabricated in different sizes depending on the application, and are
insensitive to conditions of the environmental factors. However, their fabrication can be very costly
due to the expensive equipments needed. The swimming speed of artificial microrobots is relatively
slower than that of motile cells of the same size. It is also hard to implement a sensory system on its
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microrobots is low fabrication cost. The motile cells are cultured easily in nutritious culture medium
and many biological microrobots can be obtained in matter of hours. In addition, the biological mi-
crorobot has its own actuators and sensors, so it is not necessary to implement modifications for
actuation and sensing. The sensors of biological microrobots may be further genetically modified for
various purposes. Biological robots normally swims faster than artificial microrobots, which means
biological robots have more powerful swimming force at low Reynolds number. However, biological
robots are hard to be controlled precisely because each cell has slightly different swimming prop-
erties. Also, the size of biological microrobots and their swimming speed are determined by the
selected biological platform and they are very vulnerable and easily influenced by the environments
such as pH and temperature.
1.3 Tetrahymena pyriformis
Tetrahymena pyriformis(T. pyriformis ) is an eukaryote, living in fresh water. It is a ciliate as well.
Ciliate is a protozoan who has cilium, a slender and hair-like organelle which is also found in the
trachea(windpipe) in human. There are two types of cilia in T. pyriformis: oral and motile cilia.
T. pyriformis moves very quickly, using approximately 600 cilia on its body. It also feeds using oral
cilia located in anterior of the body. Its swimming speed is normally about 600 ∼ 900 µm/s and it
sometimes swims about 1 mm/s. Given its swimming speed and power, it is very desirable to use
T. pyriformis as a microrobot.
As the signalling mechanisms of T. pyriformis have high homology to those of more complex
eukaryotes, it is frequently used as a model cell in biochemistry and cell biology36. Applying
chemotactic selection to these cells provides the option of creating T. pyriformis subpopulations
possessing increased chemotactic responsiveness based on the expression of selected receptors in the
surface membrane37. Consequently, T. pyriformis may be used as a biological platform to provide
propulsion and sensing abilities in microfluidic environments. When compared with prokaryotes such
as bacteria, eukaryotic cells such as T. pyriformis are genetically and structurally more complex.
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Figure 1.1: Tetrahymena pyriformis (a)Swimming T. pyriformis (b) Swarming T. pyriformis.
The scale bar is 10 µm.
This complexity correlates with a greater number of signaling mechanisms, as a result, a hierarchy
is present for cellular responses. The toxicities of major metal compounds such as Mercury, Zinc,
Lead, Cadmium, and Cobalt in water can be detected by T. pyriformis 38 so there is a potential
to use T. pyriformis as a sensor as well. For these reasons, T. pyriformis is a good candidate as a
microrobot.
T. pyriformis is a pear-shape cell and approximately 50 µm long and 25 µm wide, as shown in
figure 1.1. The Reynolds number of a swimming T. pyriformis is about 10−2 when the swimming
speed is 800 µm/s. Thus, of T. pyriformis swim in the low Reynolds number regime. The swimming
force of T. pyriformis is about 200 pN. The biomolecular motors embedded in the cell bodies of
the microorganisms allow for simple power generation at low-cost. In ciliate protozoa, hundreds
of cilia can coordinate and self-organize to produce a collective thrust.39 The ciliary coordinating
mechanisms may provide powerful propulsive force to microscale actuators and sensors for robotic
applications.
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In this dissertation, we will introduce a new type of microrobot using T. pyriformis and demonstrate
controllability of the proposed microrobot. T. pyriformis is utilized as a platform of a biological
microrobot. In order to enhance its controllability under the magnetic fields, magnetic materials are
internalized into the cell body. We have named this artificial magnetotaxis. The magnetic properties
of the artificial magnetotactic T. pyriformis have been studied. A magnetic control system has been
designed and developed for the developed biological microrobots. The controllability of the artificial
magnetotactic T. pyriformis had been demonstrated using manual control. Then, feedback control
schemes and path planning algorithms have been integrated for autonomous real-time control. For
an advanced microrobot control system, three-dimensional control has also been developed and
demonstrated.
In chapter 2, the endogenous taxis such as galvanotaxis and phototaxis are introduced as pre-
liminary experimental data. In chapter 3, the artificial magnetotactic T. pyriformis is introduced
and the motion model of the artificial magnetotactic T. pyriformis are explained theoretically and
demonstrated experimentally. In chapter 4, the autonomous feedback control and feasible path
planning algorithms of the artificial magnetotactic T. pyriformis are introduced. Then, the three-
dimensional control of the artificial magnetotactic T. pyriformis are demonstrated in chapter 5.
Finally, We concludes in chapter 6 and supplemental data are presented in the appendix.
This following chapters are based on the listed publications below:
• Dal Hyung Kim, David Casale, La´szlo´ Ko¨hidai, and Min Jun Kim. Galvanotactic and pho-
totactic control of Tetrahymena pyriformis as a microfluidic workhorse. Applied Physics Letters,
94(16):163901, 2009.40
• Dal Hyung Kim, U. Kei Cheang, La´szlo´ Ko¨hidai, Doyoung Byun, and Min Jun Kim. Artificial
magnetotactic motion control of Tetrahymena pyriformis using ferromagnetic nanoparticles: A tool
for fabrication of microbiorobots. Applied Physics Letters, 97(17):173702, 2010.41
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9• Dal Hyung Kim, Sean Brigandi, Paul Kim, Doyoung Byun, and Min Jun Kim. Characteriza-
tion of Deciliation-Regeneration Process of Tetrahymena Pyriformis for Cellular Robot Fabrication.
Journal of Bionic Engineering, 8(3):273-279, September 2011.42
• Dal Hyung Kim, Sean Brigandi, Anak Agung Julius, and Min Jun Kim. Real-time feedback
control using artificial magnetotaxis with rapidly-exploring random tree (RRT) for Tetrahymena
pyriformis as a microbiorobot. 2011 IEEE International Conference on Robotics and Automation,
pages 3183-3188, May 2011.43
• Dal Hyung Kim, Paul Kim, Anak Agung Julius, and Min Jun Kim. Three-dimensional control
of engineered motile cellular microrobots. 2012 IEEE International Conference on Robotics and
Automation, pages 721-726, Saint Paul, Minnesota, USA, May 2012.44
• Dal Hyung Kim, Paul Kim, Anak Agung Julius, and Min Jun Kim. Three-dimensional control
of Tetrahymena pyriformis using artificial magnetotaxis. Applied Physics Letters, 100(5):053702,
2012.45
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Chapter 2: Control Modalities for Tetrahymena pyriformis as a
Microrobot using Endogenous Taxes
2.1 Introduction
Tetrahymena pyriformis (T. pyriformis) swims using cilia, a common locomotive appendage in eu-
karyotes. There are approximately 600 cilia, both oral and motile, covering the cell body. The motile
cilia of T. pyriformis allow cells to develop a characteristic swimming behavior that is highly depen-
dent upon physical stimuli. These cilia are also useful to engineers because of the diverse signaling
pathways available for control46. Each cilium’s motion is three dimensional, with the capability for
a variety of power and recovery strokes depending upon external stimuli. Cilia coordination, and
by consequence swimming direction, is controlled by electrochemical signaling across the perme-
able cell membrane. Electrochemical signaling within the cell and cilia motion is dependent upon
many cell-signaling pathways. However, simple control mechanisms exist that may directly influence
this cilia motion. The most common of these control mechanisms are taxes, where organisms will
show a directional motion due to a stimulus. These endogenous taxes come in many varieties, such
as chemotaxis38,47–49, phototaxis21,50,51, galvanotaxis23,52, and geotaxis53–55, each correlating to
chemical gradients, light, electric fields, and geometry, respectively. In this chapter, galvanotaxis
and phototaxis are introduced as control mechanisms for T. pyriformis based on the paper published
in applied physics letters 40.
2.2 Galvanotaxis
2.2.1 Experimental Setup
Galvanotaxis is the directional movement of a organisms or cell by an electrical stimulus. Galvano-
taxis is found in some species such as Paramecium 46, T. vorax 56, and bacteria57.
The one-dimensional galvanotaxis assay is prepared by accepted techniques23 using parallel car-
bon electrodes connected to a direct current (DC) power supply (Xantrex, XHR 1507). This simple
configuration limits the amount of electrolysis that may result due to the applied voltage. The
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Figure 2.1: The experimental setup for galvanotaxis experiment of T. pyriformis. The 35mm
petri dish is used as a chamber for T. pyriformis. T. pyriformis are suspended in the culture
medium described in Appendix A.
carbon electrodes allow the T. pyriformis cells to stay motile for an extended period of time without
cell poisoning. The experiments for galvanotaxis were performed in the standard culture medium.
Conductivity of the medium is suitable for galvanotaxis experiment because it includes ions from the
chemical such as sodium chloride. The cells remain motile in the conditioned culture medium and
using this solution alleviates the need for further processing prior to use, such as centrifugation and
resuspension. Cells were transferred from the stock culture to a modified 35 mm petri-dish acting
as galvanotaxis assay. We observed motions of T. pyriformis using a Leica DMIRB inverted phase-
contrast microscope and vision system (Redlake Motion Pro X-3). The image was captured and
recorded in 30 frames per second. Evaluation of the registered individual swimming characters of
ciliates verified that active directional responses were registered. Swimming trajectories for cells are
calculated using the proposed tracking algorithm in appendix C and accumulated data. We have
accumulated data for T. pyriformis during 30 seconds of motion using a inverted phase-contrast
microscope and vision system.
2.2.2 Results and Discussion
For galvanotaxis, 5V/cm potential field is applied between the two electrodes orienting the T. pyri-
formis in an anterior facing cathode configuration due to a self-aligning torque caused by the collec-
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Figure 2.2: Galvanotaxis motion of T. pyriformis (a) normal status (b) when electric field (5
V/cm) is applied. The cathode is located on the left. The scale bars are 100 µm.
tive cilia motion. As shown in figure 2.2b, most of the T. pyriformis that moved randomly in figure
2.2a go toward the cathode when the electric field is applied.
To analyze galvanotaxis of T. pyriformis, we define a representative velocity vr, which is the sum
of all velocity vectors divided by the number of cells in the field of view, expressed as equation 2.1,
vr =
∑
vk
m
(2.1)
, where vk is the velocity of the k -th cell and m is the number of cells in one frame. The direction
of the representative velocity vr at each instance in time is shown in figure 2.3a. We initially applied
an electric field and reversed the polarities at 12 and 23 second causing the cells to swim back and
forth. The direction of vr is closely aligned at 180
◦ from 3 to 12 second and from 24 to 30 second,
then closely aligned at 0◦ between 13 and 23 second, showing motion toward the cathode at all
times. In figure 2.3b, the magnitude of vr is shown. After changing the field polarity, the magnitude
of vr reduced to zero and proceeded to increase. Galvanotactic control of T. pyriformis is very
repeatable, controllable, and with a change in polarity the cells will quickly turn and reverse their
swimming directions. In figure 2.3c, a probability density function of velocity directions between 15
and 20 second is shown. Most cells’ velocity directions are closely aligned at 0◦ verifying that the
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Figure 2.3: Representative velocity vr, which is the sum of all velocity vectors divided by the
number of T. pyriformis while switching polarities (a) direction of vr (b) magnitude of vr (c)
probability density function of velocity directions between 15 and 20 second.
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Figure 2.4: Schematic drawing for the galvanotactic motion. Cells’ are positioned with the
different orientations. Cells move to the cathode in most cases. In the case described on the
right bottom, the cell move to anode. ‘a’ means ‘anterior’.
cells are moving toward the cathode.
The galvanotaxis have been studied widely with Paramecium 58, and the same theory may explain
the galvanotaxis of T. pyriformis. In galvanotaxis, a current flow direction determines cilia motion
handedness and speed59. The swimming state of a peritrich ciliate affected by the electric stimuli
of the environment is the resultant of two opposite ciliary forces: ciliary augmentation produced by
hyperpolarization and activation of voltage-dependent Ca2+ channels on the anodal end and ciliary
reversal produced by depolarization and activation of voltage-dependent K+ channels of the cell22.
As electrical current crosses from the cell body out into the surrounding fluid, the cilia reverse
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direction and slow their beating rate. When current flows into the cell body from the surrounding
fluid, the cilia speed up in the normal wave motion direction. This creates the self-aligning torque
and straight swimming associated with many ciliates under electric fields46. Figure 2.4 shows most
cases of galvanotaxis when the cell’s heading is aligned or misaligned to the cathode When the cell
is hyperpolarized, the cilia exert large swimming force to its anterior, while they exert weak and
reverse swimming force when depolarized. The most cases illustrated in 2.4 creates torque to the
cathode. However, the right bottom case in figure 2.4 shows anodal motion because the swimming
force in both hyperpolarized and depolarized parts are aligned along the electric fields so that the
torque does not exerted. As a proof, we found that the number of cells in ±180◦ (anode) is a
little greater than that of ±90◦ (orthogonal to the electric fields)in figure 2.3c. However, since the
anodal galvanotactic motion is unstable equilibrium motion, the cell moves to the cathode once it
is misaligned little, which is similar to the inverted pendulum.
2.3 Phototaxis
2.3.1 Experimental Setup
Phototaxis is a behavior as a repond to a light stimulus, and there are two types of phototaxis. If
a cell moves toward the light, it is positive phototaxis. If it moves away, it is negative phototaxis.
Phototaxis of T. pyriformis is performed using unfiltered radiation from a mercury vapor lamp.
The mercury light source emits broadband white light, with wavelengths from 250 to 700 nm being
present at varying intensities. Several spectral peaks exist across entire range, many of which show
phototactic effects in other organisms21,32,50,51.
To observe phototactic motion of T. pyriformis, we have exposed the broadband light to the free
swimming cell illustrated in figure 2.5. Once a cell is positioned at the center of the field of view,
the shutter of the mercury lamp is opened and observe its motion under the light. The exposed area
of light upon the free swimming cells is controlled by a small adjustable iris located between the
lamp and the region of interest. The light is projected through the petri-dish using a microscope
objective(×63 magnification). The same vision system for galvanotaxis experiment has been used to
record T. pyriformis phototactic motion. The images have been captured at 30 frames per second
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Unfiltered broard light
Figure 2.5: Schematic drawing for phototactic experiment. Once a cell is located at the center
in the field of view, the unfiltered broadband light from the mercury lamp is exposed and its
response is recorded. The size of the exposed area is adjusted by the iris.
and processed to find the location of the cell in each frame by the image processing algorithm
described in appendix C
2.3.2 Results and Discussion
We have accumulated data for many typical T. pyriformis responses when exposed to mercury vapor
light. One typical example is illustrated in 2.6a where a T. pyriformis rotates counterclockwise at
1.28 Hz for 4.6 second and escapes from the lit area. Figure 2.6b shows the orientation of T.
pyriformis. The angular position is established by determining the long axis of the cell body from
the centroid position.
The mechanism for phototaxis in the T. pyriformis cells of this experiment is not precisely
known. Most phototactic eukaryotes have a photoreceptor structure within the cell body, such as
eyespots of Euglena or colored pigments seen in Blepharisma.60 The phenomenon shown by T.
pyriformis exposed to high intensity mercury vapor light cannot be described accurately as the
uncoordinated motion seen in dying cells. Retained swimming ability, one of the most significant
physiological reference indices, proved that if the exposure time is kept under 10 seconds, the T.
pyriformis are not terminally damaged by the near UV wavelengths of the broadband light.61 The
T. pyriformis display in-plane rotational motion when exposed to the light, where the cells rotate
counter clockwise and after a short period of time move out of plane, continuing in a corkscrew
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Figure 2.6: Phototactic motion of T. pyriformis in the light circle (a) trajectory in the light
(b) orientations of T. pyriformis in the light. The scale bar is 20 µm
Chapter 2: Control Modalities for Tetrahymena pyriformis as a Microrobot using
Endogenous Taxes
18
motion. Oddly, T. pyriformis do not possess any direct photoreceptor molecules in the cell body.
Phototaxis of T. thermophila, also lacking photoreceptors, has been shown at 600 nm but it is not
known if the same signaling mechanism is present in T. pyriformis.62 No response is observed when
exposed wavelengths are over 570 nm using a long pass filter and in the 450 ∼ 550 nm range using
both blue and green dichroic filters. This does not verify that UV light causes phototaxis, but it is
likely. There is the possibility of phospholipid damage taking place due to the presence of UV light.
However, the time scales for that type of damage are substantially longer.63 It is also possible that
the cells experience some level of heating due to overall radiation, with total energy that cannot be
equaled when specific wavelengths are excluded. It is likely that T. pyriformis have the ability to
detect potentially dangerous UV wavelengths and perform a search and escape maneuver.
2.4 Summary
In this chapter, we have demonstrated two endogenous taxes of T. pyriformis; galvanotaxis and
phototaxis. The T. pyriformis move rapidly toward the cathode when an electric field is applied.
Also, the T. pyriformis are captured in an unfiltered light beam for a period of time and escape,
showing negative phototaxis by moving away from the high intensity light. The galvanotactic and
phototactic controls of T. pyriformis may be utilized directly as transport mechanism for engineered
microstructures.The motivation of these experiment is to progress further with biological microfluidic
actuators and sensors for use in engineered system.
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Chapter 3: Artificial Magnetotaxis of Tetrahymena pyriformis for
Microrobot Applications
3.1 Introduction
In this chapter, we introduce artificial magnetotactic T. pyriformis synthesized with iron oxide par-
ticles (magnetite), and demonstrate controllability of such organisms via artificial magnetotaxis.
Magnetotaxis is an ability to sense magnetic fields and coordinate its movement in response. It
is found in bacteria, called magnetotactic bacteria in 1975 by Blakemore64. We induce artificial
magnetotaxis in T. pyriformis, a eukaryotic ciliate, using ferromagnetic nanoparticles and apply an
external time-varying magnetic fields to control its swimming direction. Magnetizing internalized
iron oxide particles allows control of the swimming direction of an individual cell using electromag-
nets. Magnetotactic T. pyriformis is easily synthesized artificially and is finely controllable. This
chapter introduces a synthesis method and behavior of artificial magnetotactic T. pyriformis based
on the publication in applied physics letters 41 and suggests a way to carry a load by deciliation.
3.2 Synthesis of Artificial Magnetotaxis of Tetrahymena pyriformis
To synthesis artificial magnetotactic T. pyriformis, iron oxide nanoparticles are internalized into
the cell. Figure 3.1 shows the process to synthesize the artificial magnetotactic T. pyriformis. In
Figure 3.1a, 0.1 % iron-oxide spherical particles (Sigma Aldrich, MO, USA) whose size is about
50 nm in diameter are added into the culture medium. When iron oxide particles are added, T.
pyriformis ingests the magnetite via an oral apparatus located at the anterior part of the cell. The
internalized magnetites are stored in membrane bounded vesicles which are shown as dark circles in
figure 3.1b. The magnetite-loaded T. pyriformis is physiologically intact and its swimming behavior
is identical to the normal cell65. Even though internalization of iron oxide particles takes place right
after the particles are supplemented, the culture medium with iron-oxide particles is gently agitated
and left for 10 minutes to ensure sufficient internalization of magnetite. Figure 3.1c shows the
magnetization process of the internalized ferromagnetic magnetite. A rectangular neodymium-iron-
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Figure 3.1: The procedure for fabrication of artificial magnetotactic T. pyriformis (a) Addition
of iron oxide particles (magnetite, Fe3O4) into the culture medium (b) Gentle agitation to ensure
the cells internalize the iron oxide particles. (c) Magnetization of the internalized magnetite
using a permanent magnet.
boron (NdFeB) permanent magnet with a surface field of 1964 Gauss (K&J Magnetics, PA, USA)
is applied around the cell culture for about one minute to magnetize the internalized magnetite,
and sequentially causes aggregation for magnetite. A permanent magnet emits a strong magnetic
field to ensure magnetization of magnetite. After the permanent magnet is removed, the magnetic
dipoles of the loaded magnetite remain nearly constant for over one hour; therefore, it is assumed
that the internalized magnetite is fully saturated during the experiments. However, the magnetic
dipoles will diminish over a period of time because the magnetic state of the ferromagnetic material
is a hysteresis function of the strength of the applied magnetic field66.
Microscopic evaluation of the internalized particles shows that they are stored in membrane
bounded vesicles which are formed when the cell ingests food particle (e.g.,microorganisms). T.
pyriformis can consume particles up to 2.7 µm in diameter67. Internalized small, physiologically
non-self, test particles (e.g. ink particles) are normally released through the cytoproct after a
few hours37. Figure 3.2a and 3.2b show a normal T. pyriformis cell and T. pyriformis cell with
internalized magnetite, respectively. The normal cell does not have any magnetite inside of the
body and the circular vesicles are clean. However, the magnetite-bearing cell has some dark circular
vesicles which contain the internalized magnetite particles. Although, the internalized particles
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Figure 3.2: Tetrahymena pyriformis (a)a normal cell (b)after internalizing magnetite (c)after
magnetization. The scale bar is 10 µm
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Figure 3.3: Hysteresis graph of iron oxide particles. The magnetic moment of iron oxide
particles is saturated when magnetic fields of about 111.5 mT are applied. Observation starts
with non-magnetized iron oxide particles so the curve starts at zero for both the magnetic field
and magnetic moment.
are randomly distributed in the vesicles of cells before exposure to the external field, magnetization
induces in most cells an aggregation of the magnetite-containing vesicles along the major axis (Figure
3.2c). We suspect that spatial limitations along the minor axis of the cell induces the particles to
aggregate along the major axis, so that magnetic dipoles are characteristically formed along the
major axis when the magnetite aggregation is magnetized.
3.3 Behavior and Properties of Artificial Magnetotaxis of Tetrahymena
pyriformis
The iron oxide particles ingested by T. pyriformis are ferromagnetic. Due to the nature of ferromag-
netism, the magnetic momentum of the magnetite should be fully saturated to react with magnetic
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Figure 3.4: Schematic drawing of the motion of T. pyriformis (a) when a cell is misaligned
with the magnetic fields. N and S indicate the north and south poles, respectively. θ is the
angle between the cell’s orientation and the direction of the magnetic fields. (b) when cells are
aligned with the magnetic fields.
fields. Figure 3.3 is the hysteresis graph, which shows the relationship between the applied magnetic
fields and the magnetic momentum of the iron oxide particles. The magnetic momentum of iron oxide
particles are fully saturated when a magnetic field of about 111.5 mT is applied. Thus, a permanent
magnet with surface field strength of 1964 Gauss (=196.4 mT)is enough for magnetization.
The torque applied by the internalized iron oxide particles is computed based on the equation
3.1,
τ = m× B =mB sin θ (3.1)
,where τ , m, B and θ are torque, magnetic moment, the magnetic fields and the angle between
m and B, respectively. Since the magnetic moment m, after saturation, and the strength of the
magnetic field B are as constant, the torque is determined by the angle θ. When there is an angle θ,
shown in figure 3.4a, the torque exerted by the iron oxide particles tends to align the cell with the
magnetic field. Once a cell is aligned, shown in figure 3.4b, no torque is applied because B becomes
zero at θ = 0 in equation 3.1, so that the cell swims along the magnetic fields.
Figure 3.5 shows the cells motion in a microfluidic channel when a magnetic field is applied along
either the x - or the y-axis. Figure 3.5a shows the case in which most cells are moving horizontally due
to a magnetic field applied along the x -axis. Figure 3.5b shows a histogram of the cell orientations,
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Figure 3.5: Magnetotactic motion of T. pyriformis (a) trajectory when the magnetic field is
applied along the x -axis. (b) associated velocity direction histogram. (c) trajectory when the
magnetic field is applied along the y-axis and (d) associated velocity direction histogram. The
scale bars are 250 µm.
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where the peaks at 0◦ and 180◦ indicate that most cells did indeed move in either the positive or
the negative directions in x -axis. Figures 3.5c and 3.5d demonstrate similar results for the case
in which the magnetic field is applied along the y-axis; most cells move in the positive or negative
direction in y-axis, as shown by the histogram peaks at ±90◦. We measured the average speed of our
magnetotactic T. pyriformis to be 786.7 µm/s, with a standard deviation of 190.7 µm/s. Our result
that magnetotactic T. pyriformis will move either in alignment or in anti-alignment with an external
magnetic field could be misinterpreted as a case of axial magnetotaxis, which is movement along an
axis without regard to the positive or negative direction found in magnetotactic bacteria68. However,
during the original magnetization step, the orientations of the cells are randomly distributed, so that
in some cells the resulting magnetic dipole will point from head to tail while in others it will point
from tail to head. Each individual T. pyriformis cell will therefore still display polar magnetotaxis
(preferential migration along the direction which aligns its magnetic pole with the external magnetic
field). Polar magnetotaxis is a better to control cells than axial magnetotaxis because the motion of
polar-magnetotactic cells is much easier to predict.
3.4 Deciliation of Tetrahymena pyriformis: A strategy to fabricate cel-
lular robot
Artificial magnetotactic T. pyriformis cells were created by the internalization of iron oxide nano par-
ticles and became controllable with a time-varying external magnetic field. Thus, T. pyriformis can
be utilized as a cellular robot to conduct micro-scale tasks such as transportation and manipulation.
To complete these tasks, loading inorganic or organic materials onto the cell body is essential. There
are possible strategies for microrobots to load the material27, which are internalization, pushing,
pulling and harnessing micro/nano materials. There were some studies to demonstrate transporta-
tion task of a microrobot or microorganism by harnessing on its body69. However harnessing on the
membrane of T. pyriformis is obstructed by its motile organelles, cilia.
To develop more efficient swimming microrobot, it is important to understand the role of or-
ganelles such as cilia in cell motion. One method to observe the role of cilia is to remove it and
measure motility as regeneration occurs. Another purpose for deciliation is to use T. pyriformis as a
Chapter 3: Artificial Magnetotaxis of Tetrahymena pyriformis for Microrobot
Applications
25
cellular robot for microscale engineering applications. Functionalizing the surface of a deciliated T.
pyriformis for attachment to objects will allow this cellular robot to perform complex tasks. The pro-
cess of deciliation can be performed in two ways. Calcium chloride and ethylenediaminetetraacetic
acid are utilized for partial deciliation, and mechanical shear forces are applied using a syringe fitted
with a needle for complete deciliation70,71. Another method employs a local anaesthetic, dibucaine
HCl, for complete removal of cilia, eliminating the need for mechanical shear forces72. In both
methods, regeneration of cilia is ensued once the cells are introduced to fresh culture medium. In
previous experiments, the motility of T. pyriformis is measured as the percentage of moving cells
at each observation during the regeneration process. However, without a measurement confirming
that cell velocity returns to pre-deciliation conditions, it is hard to insist that a complete recovery
occurs.
In this section, we characterize the recovery of artificial magnetotactic T. pyriformis after the
deciliation process to optimize a cellular robot fabrication process. Dibucaine HCl, a local anaes-
thetic, removes the cilia from the cell body, and the functional group would be absorbed more
efficiently during cilia regeneration. As the cell’s cilia regenerates, we were able to measure its
motility and velocity with an image-processing algorithm. We demonstrate that the motile cells
after recovery can still be controllable using magnetotaxis, making T. pyriformis a good candidate
to be used as a cellular robot. We also propose future applications of T. pyriformis as a cellular
robot using the deciliation process.
3.4.1 Materials and methods
Figure 3.6 illustrates the process to create deciliated artificial magnetotactic T. pyriformis. Figure
3.6a shows the normal T. pyriformis. Once T. pyriformis internalizes the magnetite, shown as
dark circles in figure 3.6b, via oral cilia located at the anterior part of cell. The culture medium is
then magnetized causing the particles to align on the major axis of the cell body, as shown in figure
3.6c. After magnetization, in the previous section, it has proven that artificial magnetotactic T.
pyriformis can be controllable using magnetic fields. The deciliation process was performed using
the technique developed by Thompson et al.72. A sample of artificial magnetotactic T. pyriformis
Chapter 3: Artificial Magnetotaxis of Tetrahymena pyriformis for Microrobot
Applications
26
(a) (b)
(c) (d)
Figure 3.6: Fabrication of deciliated artificial magnetotactic T. pyriformis. (a) Normal T.
pyriformis. (b) Iron-oxide particles are internalized to T. pyriformis culture medium and in-
gested by cells. (c) A permanent magnet is used to magnetize the iron-oxide particles inside
the cells body. (d) Dibucaine HCl is introduced to the culture medium to remove cilia.
culture medium is mixed with 0.05 mM dibucaine HCl and is exposed for about 4 minutes, resulting
in the loss of cilia as described in figure 3.6d. Recommended exposure time was 3 ∼ 5 minutes.
However, 3 minutes resulted in a large number of unaffected cells and 5 minutes caused the death
of many cells. After exposure, new culture medium is added to the sample at a ratio of 20:1 to
regenerate the cilia. This significantly dilutes the cell density of the sample increasing the difficulty
of locating cells for observation. To counteract the dilution, the sample is centrifuged at 370 g for 5
minutes to increase the cell concentration at the bottom of the sample tube. Then, cell culture is
extracted from the bottom of the tube to be used as the deciliated sample for study.
One sample is taken every hour from cell culture for observation. The sample is placed under
the near-uniform magnetic fields on the inverted microscope. A Redlakes Motion Pro X3 camera
connected to the inverted microscope is used to record video at 10 frames per second as the channel
is examined. The recorded images are then imported and digitized by an image processing algorithm
introduced in appendix C. By varying the voltage in the x- and y-axis, the strength and direction
of the magnetic field is used to control the swimming direction of T. pyriformis.
In this experiment, the cells are first observed both with and without an applied magnetic field
to determine their motility rate and cell velocity. The motility rate is defined as the ratio of the
number of motile cells to the total number of cells, while the cells are counted in the acquired video.
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Table 3.1: Parameters of the motility after deciiation
Parameter Final motility mf Rise time τ (hours)
Cells under the magnetic fields(dashed line) 0.8640 3.76
Cell under no stimulus (solid line) 0.9051 3.60
3.4.2 Results and discussion
Each sample was observed for 12 hours after deciliation and had an average of 102 cells per obser-
vation. The motility rate is defined as the ratio of the number of motile cells to the number of total
cells, while a motile cell is defined as having a swimming velocity over 50 µm/s. A low magnification
(×4) was used to observe a large quantity of cells. The motility rate of T. pyriformis after deciliation
is shown in figure 3.7. The motility rate of the recovering T. pyriformis after deciliation is fitted as
equation 3.2,
m = mf
(
1− e−(t/τ)2
)
(3.2)
,where m is the motility rate, t is the time, mf is the final motility, and τ is the rise time when
the motility rate reaches 63% of mf . It is assumed that T. pyriformis is non-motile immediately
after deciliation such that the motility rate is initially zero. Circle and dot markers represent the
measured data of T. pyriformis under and without the magnetic field. The solid and dashed lines
represent the fitted curves for cells under and without the magnetic field, respectively. The final
motility mf and rise time τ of the fitted curves are described in Table 3.1.
The rise time τ of deciliated cells is 3.76 hours under the magnetic field and 3.60 hours without
stimulus. The cell’s rise time under the magnetic field was slightly longer than that without stimulus.
However, the difference is insignificant enough that the effect of the magnetic field on the regeneration
process can be considered negligible. Also, we found that the motility rate of the fully recovered T.
pyriformis from deciliation is about 5 to 9 percent less than that of non-deciliated T. pyriformis,
while the motility rate of the non-deciliated cells is approximately 95% due to dead and non-motile
cells. The motility rate of both cases reaches 95% of the final value at 5.69 and 5.67 hours after
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Figure 3.7: The motility rate of deciliated T. pyriformis over time. Circle and dot markers
represent the motility rate of deciliated T. pyriformis under the magnetic fields and without
stimulus, respectively. The dashed and solid lines represent the fitted curves for motility rate
of deciliated T. pyriformis under the magnetic fields and without stimulus, respectively.
Table 3.2: Maximum velocity and Rise time of the average velocities after deciliation
Parameter Maximum velocity Vmax(µm/s) Rise time τ (hours)
Cells under the magnetic fields(dashed line) 410.0 5.34
Cell under no stimulus (solid line) 408.2 5.75
deciliation. It is possible that some of the cells are permanently damaged during the deciliation
process and are unable to recover from it.
Even though the motility is recovered, the cell cannot be utilized effectively until its velocity is
recovered. The average velocity of recovering cells after deciliation is illustrated in Figure 3.8. The
circle and dot markers represent the average velocity of T. pyriformis under the magnetic field and
without stimulus, respectively. For curve fitting, we used exponential function described in equation
3.3. It is also assumed that the initial velocity of deciliated T. pyriformis is zero immediately
after deciliation. The data was fitted for the average velocity of deciliated T. pyriformis under the
magnetic field (dashed line) and without stimulus (solid line). The maximum velocity and rise time
of the fitted curves, described as Vmax and τ , are described in Table 3.2.
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Figure 3.8: The average velocity of deciliated T. pyriformis over time. Circle and dot markers
represent the average velocity of deciliated T. pyriformis under the magnetic fields and without
stimulus, respectively. The dashed and solid lines represent the fitted curves for average velocity
of deciliated T. pyriformis under the magnetic fields and without stimulus, respectively.
V = Vmax
(
1− e−(t/τ)
)
(3.3)
As the fitted curves in figure 3.8 indicate, the speed of T. pyriformis recovers exponentially. At
approximately 0.7 hours after deciliation, the curve reaches an average velocity of 50µm/s), which
means we would expect to see a few moving cells. The rise time τ , when the average velocity reaches
63 percent of its maximum velocity, are 5.34 and 5.75 hours for the cell under the magnetic field
and without stimulus, respectively, while the rise times of the motility rate are 3.76 and 3.60 hours
after deciliation. Thus, more time is necessary to recover the velocity than that of the motility rate.
The average velocity of the non-deciliated T. pyriformis was measured at 457.46 µm/s, whereas the
maximum velocity after the deciliation and regeneration process was about 10 percent less at 410
µm/s for both cases.
In previous studies72, it was reported that the cells were fully recovered from deciliation after a
few hours. Since moving cells were just counted without considering their speed, the motility rate
was a little higher than our results in figure 3.7. However, we found that the velocity of recovered
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Figure 3.9: Velocity histogram of non-deciliated (black) and sufficiently recovering T. pyri-
formis (red) from deciliation (a) without stimulus and (b) under the magnetic fields.
cells decreased about 10 percent, even after the motility rate fully recovers. It is possible that
the deciliation process using a local anaesthetic still causes permanent damage to the cell, which
resulted in reducing the speed of the cell. The velocity histogram of the recovered cells and the non-
deciliated cells under the magnetic field and without stimulus are shown in figure 3.9. The black and
red bars indicate the velocity histogram of non-deciliated cells and recovered cells after 9 hours from
deciliation, respectively. The velocity histogram of recovered cells has been shifted to the left from
that of non-deciliated cells, verifying again that the velocity of deciliated T. pyriformis decreases,
even though it has had sufficient time to recover. In addition, there is a peak under 200µm/s for
both under the magnetic field and without stimulus that is higher for the recovered cells than that
of non-deciliated cells. This means that not only the velocity of the recovered cells decreased, but
also the number of slowly moving cells which swim under 200µm/s increased after deciliation. This
may be also due to the damage of cells from the deciliation process. The effect of the magnetic field
on the velocity of T. pyriformis in figure 3.7 is also insignificant.
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The deciliation process of the cells is affected by the exposure time and concentration of dibucaine
HCl, which is not investigated in this section. Other strains, T. pyriformis WH-1472 and DN-B373,
were investigated and it was shown that the viability and motility after deciliation is affected by
those two factors. Thus, it is expected that the cell membrane can be functionalized properly by
controlling the recovery time using exposure time and concentration of dibucaine HCl.
3.4.3 Summary
In this section, the characterization of recovering artificially magnetotactic T. pyriformis from decil-
iation is investigated. Dibucaine HCl, a local anaesthetic, removes the cilia from the cell, which
regenerates again in 9 hours. However, the motility rate of the fully recovered cells is 5 to 9% lower,
and the average velocity is about 10% slower than non-deciliated cells. The rise time of motility rate
and velocity is about 3 and 5 hours after deciliation, respectively. Even though the motility of the
cell is recovered, more time is needed to fully recover its speed. The existence of the magnetic field,
which enables the artificial magnetotactic T. pyriformis to be controlled, has little effect on the
deciliation and regeneration process, so the recovered cells from the deciliation would be successfully
utilized with the magnetic field. The deciliation process would enable us to functionalize the cell
membrane and fabricate engineering objective cellular robots by harnessing man-made objects on
the cell body.
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Chapter 4: Autonomous control of Artificial Magnetotactic Tetrahymena
pyriformis in Two-dimensional Space
4.1 Introduction
In this chapter, an autonomous control strategy is introduced using real-time feedback control system
combined with feasible path planning algorithm to manipulate T. pyriformis, as a micro-bio-robot
using artificial magnetotaxis. Artificially magnetotactic T. pyriformis cells were created by the
internalization of iron oxide nano particles introduced in the previous chapter. Following the mag-
netization of the internalized particles, the cells become controllable using an external time-varying
magnetic field. The overall integrated system which includes electromagnets has been developed
and implemented for the autonomous feedback control. The vision system and blob algorithms
introduced in appendix C also have been integrated for localization the T. pyriformis.
The kinematic model of artificially magnetotactic T. pyriformis under a magnetic field is inves-
tigated and developed from the circular motion and the manual control experiment. Based on the
developed kinematic model, a simple point-to-point control is demonstrated.
A feasible path planner called rapidly-exploring random tree (RRT) and feedback control schemes
are implemented to guide the cell to a desired position and orientation. Since the motion of T. pyri-
formis is nonlinear like that of a car, combining the RRT and feedback control allows the cell to be
controlled in 3-dimensional (x, y, θ) space. In the results, real-time autonomous feedback control
of T. pyriformis demonstrated the potential of utilizing T. pyriformis as a micro-bio-robot for mi-
croscale tasks. Unlike magnetic bacteria27,28,64,74, the artificial magnetotactic T. pyriformis, when
it is controlled moves using its endogenous motility, not a magnetic force. The magnetic field exerts
only a torque, which allows for the change of the cell’s swimming direction, while the cell’s velocity
is not controllable. Due to the nonlinear motion of the cell, a feasible path planning method called
RRT is implemented which allows us to control the cell to a desired position by controlling the
swimming direction. Since the artificial taxis and endogenous motility of the cell are integrated
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Figure 4.1: The overall system for a closed-loop feedback control of artificially magnetotactic
T. pyriformis
into one system, the magnetotactic organism can be controlled robustly while the actuation force is
exerted from the cell. We have shown that manual control can be used to understand the motion of
artificially magnetotactic T. pyriformis, and that combining real-time control with the feasible path
planning scheme have verified the possibility of using T. pyriformis as a micro-bio-robot.
4.2 Feedback control system
4.2.1 Overall system
In this section, the overall system for the closed-loop feedback control of T. pyriformis is presented.
Figure 4.1 shows the system for feedback control of the magnetotactic T. pyriformis, which in-
cludes a microscope, a camera, a host computer, a control board, two power supplies, and two set
of approximate Helmholtz coils. The microscope and camera are used to visualize cell motion for
localization, and the host computer is used for image process of visualized image. The feedback
inputs are generated and applied from the control board to the power supplies which provide power
to the approximate Helmholtz coils to generate magnetic fields in a two-dimensional system.
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4.2.2 Approximated Helmholtz Coils
The vital component to control artificial magnetotactic T. pyriformis is the magnetic system. In
this section, the electromagnetic system implemented in our experiment will be introduced. The
configuration of our electromagnet system is approximated Helmholtz coil system75, which generates
near uniform magnetic fields at the experiment region. In a one dimensional configuration, it has
two identical electromagnets in one axis and they are separated by the distance 2s. The magnitude
and direction of the current passing through the coils are the same.
The main purpose for using the Helmholtz configuration in our experimental setup is to utilize
its capability to generate uniform magnetic fields. In contrast to a gradient field, a uniform field
creates torque on the internalized magnetite without translational force. The translation force and
torque are computed by equation 4.1 and 4.2.
F = ∇(m ·B) (4.1)
τ = m×B = mb sinφ (4.2)
, where m, F, τ , φ are the magnetic moment, force, torque and the angle between the magnetic
fields and magnetite inside of the cell, respectively. As previously mentioned, there only uniformed
magnetic field (without gradient) at the region of interest; therefore, only torque is exert. While an
artificial magnetotactic T. pyriformis can propel itself using the cilia on its body, the internalized
magnetite acts to change the direction of the cell by exerting a torque on the cell body. In other
word, precise control over the magnetites using the magnetic system allows for precise control of the
artificial magnetotactic T. pyriformis.
In contrast to the approximately Helmholtz coil, the exact Helmholtz coil has two electromagnets
set apart by the distance R which is equal to the radius of the electromagnets76. The formula to
calculate the magnetic field generated by the Helmholtz coil configuration is derived from the Biot-
Savart law77, as expressed in equation 4.3
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Figure 4.2: The schematic drawing of approximated Helmholtz coil. R is the radius of the
coil, z is the location on the center axis of the circular coil and s is the distance between the
center and the coil.
dB =
µ0
4pi
Idl × rˆ
r2
(4.3)
,where B is magnetic fields, µ0 is permeability, I is current, r is a displacement vector, rˆ is the unit
vector of r, and dl is a vector whose magnitude is the length of the differential element of wire. The
details of the derivation is described in Appendix B.
In the experimental setup, there are some difficulties to implement the Helmholtz coil system due
to the spatial limitation of the microscope stage. Thus, we utilize the approximated Helmholtz coil
system instead of the exact Helmholtz coil configuration. The approximated Helmholtz coil system
configuration is very similar to that of the exact Helmholtz coil except for the distance between the
two electromagnets. The approximated Helmholtz coil system also creates nearly uniform magnetic
fields at the center region; however, this region is smaller than that of the exact Helmholtz coil
system. However, our region of interest is quite small because we are working on micro-scale system.
In this sense, the size of the region of interest is more than sufficient for experiments.
The approximated Helmholtz coil system is illustrated in figure 4.2. According to the geom-
etry, the two coils are located along the z-axis with the distance 2s. The magnetic fields of the
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Table 4.1: Parameters for the Helmholtz configuration
Parameters Value
Wire thickness AWG24 (=0.511 mm) in diameter
Number of turns 106
Radius of the coil bundle 3.23 cm
Distance between coils 6.4 cm
Resistance of coil bundle 8.3 Ω
Range of the current 0 - 2.4 Ampere
Current density in the coil 7.31× 108A/m2
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Figure 4.3: The magnetic field strength of the Helmholtz coil set at the center. Nearly constant
magnetic field is created in the field of view.
approximated Helmholtz coil configuration is calculated by the following equation 4.4.
B =
µ0IR
2
2(R2 + (z + s)
2
)
3/2
+
µ0IR
2
2(R2 + (z − s)2)3/2
(4.4)
, where z is the position in z-axis and s is the distance between the coil and the center (z=0). The
detail parameters of our experiment system are shown in table 4.1.
Figure 4.3 illustrates the magnetic fields created by the approximate Helmholtz coils in our setup.
Since the coils for x - and y-axes are identical, only a one-dimensional magnetic field is illustrated.
The field of view of ×10 objective through the microscope is limited in 2 mm for each axis. In this
field of view at the center, the magnetic field is about 2 mT and approximately constant, which is
described in the inset plot in Figure 4.3.
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4.2.3 Vision-based Localization in two-dimensional space
A vision-based localization algorithm for T. pyriformis is achieved by detecting and determining
the correspondence of a cell’s center of mass from one video frame to another. Consecutive images
describing motions of T. pyriformis are acquired, digitized, and imported into MATLAB for analysis.
First, images of all frames are binarized to transform the cells into a solid white color on a black
background. Second, the center of mass and orientation of each cell is calculated and recorded to
establish their positions at each frame within the video sequence. The center of mass is determined
by the equation 4.5,
(xc, yc) =
(∑
Aixi
At
,
∑
Aiyi
At
)
(4.5)
,where xc and yc represent centroid coordinates and A represents area. We may assume that two
cells are the same cell if they are located closely to one another in two consecutive frames. If there
are two or more cells that may be the same closest cell at a given frame interval, the closest cell is set
as a new entity and the orphaned cell is discarded. This situation may happen when cells undergo
close contact or move out from the field of view. The velocity of each cell between two frames is
determined by
vn =
(xn+1 − xn)i+ (yn+1 − yn)j
∆t
(4.6)
,where (x, y) is the cell’s coordinate in the frame n and ∆t is the time interval between the consec-
utive frames. The velocity vector v is confined to the i and j directions. More details are described
in appendix C.
4.3 Kinematic model of Artificial Magnetotactic Tetrahymena pyriformis
The motion of T. pyriformis is like that of a car. T. pyriformis swims forward while exhibiting
corkscrew motion along the major axis of its body. To turn the swimming direction, the cell gradually
changes its swimming direction while continuing to swim forward, which is very similar to turning
motion of a car.
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Figure 4.4: A schematic drawing of the artificially magnetotactic T. pyriformis. The configu-
ration includes the centroid (xc, yc) and orientation (θc) of the cell. The translational velocity
and angular velocity are represented by v and ω respectively. The angle θc is the direction of
the magnetic fields and φ is the angle between the θc and θm.
Figure 4.4 shows a schematic drawing of a cell model for T. pyriformis. The configuration of
a cell is represented by xc, yc, and θc; which are position xc, yc, and an angle of orientation θc
of the major axis from the x-axis. Translation and rotation velocities are represented by v and ω,
respectively. The direction of the magnetic field and the angle difference between the magnetic field
and cell orientation are represented by θm and φ, respectively. The following equation shows the
kinematic equation of the T. pyriformis motion, which is the same with the mobile robot78.
x˙ = v cos θ
y˙ = v cos θ
θ˙ = ω
(4.7)
, where (x, y, θ) is the current configuration, v is the velocity and ω is angular velocity. The only
unknown variable is the angular velocity ω, which is related to the torque exerted by the internalized
magnetite on the cell body. The torque created by the internalized magnetite under the magnetic
fields is expressed by the equation 4.2. Figure 3.4 illustrates how the cell reacts when its orientation
is misaligned to the magnetic field (MF). We assumed that the magnetic moment of the magnetite
is aligned to the cell’s orientation. This is reasonable because the magnetite is normally aggregated
along the major axis of the cell body due to the spatial limitation.
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In order to find the relationship between torque τ and angular velocity ω, the Navier-Stokes
equation is considered. The Reynolds number for a swimming T. pyriformis is approximately
Re ≈ 10−2, so it is reasonable to assume that swimming occurs at the low Reynolds number
regime. Such flows are called stokes flow or creeping flow1. The inertia terms in Navior-Stokes
equations are negligible for stokes flow. For these type of flow, the rotational torque3 for a sphere
is expressed as,
τdrag = −8piηr3 dθ
dt
(4.8)
, where τdrag is the drag torque, η is the dynamic viscosity, r is the radius of sphere, and dθ/dt is
the angular velocity (ω).
Based on the assumption that the drag force is equal to the torque created by the magnetite at
low Reynolds number, we can combine equation 4.2 and 4.8 into one as follows.
τMF + τdrag = mB sin(θm − θ)− 8piηr3 dθ
dt
= 0 (4.9)
When ω is replaced by dθ/dt , equation 4.9 is rewritten as,
θ˙ =
dθ
dt
=
mB
8piηr3
sin(θm − θ) (4.10)
Thus, the kinematic equations of the artificially magnetotactic T. pyriformis is
x˙ = v cos θ
y˙ = v cos θ
θ˙ = mB8piηr3 sin(θm − θ)
(4.11)
In the kinematic equations (equation 4.11), the only input source is the magnetic fields exerted by
the electromagnets. Thus, the strength of the magnetic fields B and direction of the magnetic fields
θm are the input sources for control. However, since we normally fix the strength of the magnetic
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field B to maximize the angular velocity, the direction of the magnetic fields θm is the only input
for control.
In the kinematic equation (equation 4.11), there are some parameters which need to be deter-
mined for the individual T. pyriformis; the velocity v, the magnetic moment m, and the effective
radius r. The velocity v of the T. pyriformis is determined by the past trajectory. The effective
radius r is determined based on the size of the cell obtained from the captured image. The mag-
netic moment of the artificial magnetotactic T. pyriformis m is determined by its motion under the
magnetic fields.
4.4 Measurement of magnetic moment of artificial magnetotactic Tetrahy-
mena pyriformis
Magnetic moment of the internalized magnetites is hard to measure with the conventional tools such
as a magnetometer because they are moving with the cell. The method to measure the magnetic
moment of the internalized magnetic particles have been investigated for the magnetotactic bacteria
(MTB)79–81. The paramagnetic particles synthesized inside of the bacteria is called magnetosome82.
The magnetosome under the magnetic fields produces a torque, much like the case with T. pyriformis,
and changes its swimming direction to align the cell body as well. Thus it is similar to the internalized
magnetite of the artificial magnetotactic T. pyriformis. To measure the magnetic moment of the
magnetosome, a U-turn shape trajectory was utilized by applying the magnetic fields to the opposite
direction of the MTB’s swimming direction79,80. The U-turn shape trajectory is characterized by the
magnetic moment of the magnetosome and the applied magnetic fields. The magnetic moment was
measured using a rotational drag coefficient and parameters obtained from the trajectory such as
turning radius. As an alternative method, rotational magnetic fields can be utilized to characterize
the magnetic moment of magnetosome81. The magnetic moment of magentosome measured by
previous research79–81,83–89 is of the order of 10−15Am2.
In order to measure the magnetic moment of the artificial magnetotactic T. pyriformis, the
moving cells under the time-varying magnetic fields is observed with a feedback control system.
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Accurate magnetic moment measurements can be taken with the help of the feedback control
system because the desired torque can be applied instantaneously based on feedback information of
the current status of magnetic particles in the cell body. As the system tracks the cell in real-time,
the changes observed, such as changes in swimming direction, can be easily feedback; sequentially,
the magnetic field can be automatically adjusted to compensate for the observed changes. The
adjustments of the magnetic field allow the cells be subjected to the same torque condition at any
given time during the experiment. By observing the cell’s reactions and responds under the same
condition over the course of the experiment can yield much more accurate data for moving cells.
Using the feedback system, a cell is controlled to travel along a circular path. When the cell
rotates with the minimum turning radius, it follows the smallest circular path. To measure the
magnetic moment of artificial magnetotactic T. pyriformis, the circular path with the minimum
turning radius is utilized. The torque exerted by internalized magnetite is maximize when φ is
±90◦, described in figure 4.4 and equation 4.2.
This motion is induced by controlling a cell to the certain point. Since we control the swimming
direction only, the cell continues to swim when it passed the target point. Then, it shows the
circular movement to reach the target again, while it keeps exerting the maximum torque from the
time-varying electromagnets. This is a similar motion of a car with the maximum steering angle.
Thus, we control artificially magnetotactic T. pyriformis to move to the center of the field of view
to achieve the circular motion at the center of field of view.
During the circular motion, the angle between the cell’s swimming and the magnetic fields are
set to a right angle so that the torque exerted by the magnetite is maximized. Thus, the angular
velocity ω is set to the maximum value during this motion. Based on this assumption, the total
travel velocity is expressed as,
v =
ds
dt
=
rdθ
dt
(4.12)
,where v, r, s, dθ is the velocity, the turning radius, travel distance, and the angular velocity,
respectively. From the experimental data, the total traveled distance ∆s and the total orientation
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Figure 4.5: The circular motion of artificial magnetotactic T. pyriformis. During the circular
motion, the φ is set to pi/2 using the feedback control system. The black and red line is the real
travel trajectory and fitted circle, respectively. The red cross mark is the center of the fitted
circle.
change ∆θ and the travel time ∆t are obtained. Thus, the angular velocity ω is calculated by the
following equation 4.13.
ω =
dθ
dt
=
∆θ
∆t
(4.13)
The turning radius is calculated using equation 4.12 and 4.13. This parameter will be used for
the path planning because the shortest path can be generated by combining circular paths with
minimum turning radius and straight line paths. This will be introduced in chapter 4.6.
Figure 4.5 shows the trajectory of the circular motion described previously. The artificial mag-
netotactic T. pyriformis exhibited the quite steady circular motion even though there are some
deviations. During the experiment, the total travel distance ∆s and total angle change ∆θ is 16.690
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mm and 72.294 rad for the travel time ∆t of 20 seconds. From equation 4.13, ω is calculated as
3.6147 rad. The velocity v is 834.52 µm/s. In addition to equation 4.12, the turning radius r
becomes 230.9 µm.
The angular velocity ω computed from the circular motion with the minimum turning radius
is the maximum angular velocity ωmax because the applied torque is kept at maximum. Once we
calculate the maximum angular velocity ωmax from the experiment, the magnetic moment m of the
internalized magnetite in the artificially magnetotactic T. pyriformis can be determined from the
equation 4.11. Since the angle difference between the direction of swimming and the magnetic fields
is set to 90◦, the magnetic moment is expressed as
m =
8piηr3ωmax
B
(4.14)
,where η is the dynamic viscosity, which is 1.002 mPas for water, r is the effective radius of the cell,
and B is the strength of the magnetic fields. The effective radius is assumed as 25 µm, which is the
length of the major axis of a normal cell90. From the experimental result shown in figure 4.5, the
magnetic moment m computed by equation 4.14 and 4.13 is 2.735×10−13Am2 or 2.735×10−10emu,
which is about 103 times higher than that of magentosome of MTB.
To observe and characterize the motion of T. pyriformis under the magnetic field, another ex-
periment was conducted using manual control in a polydimethylsiloxane (PDMS) channel. The
magnetic fields were controlled with a keyboard by changing the positive and negative directions on
either the x - or the y-axis. The PDMS channel was fabricated with a depth of 80µm to give cells
sufficient freedom to swim while keeping them in focus for visualization. A single T. pyriformis cell
was controlled for 90 seconds. Figure 4.6 illustrates the data only from first 15 seconds due to the
readability of figures. The images were captured and processed at 8 frames per second. Figure 4.6a
shows the trajectories of the cell while it was controlled to stay inside of the field of view. Figure
4.6b shows the direction of magnetic fields (red dot line) and the cell motion (blue dot line) which
is identical to the cell orientation. In Figure 4.6b we can observe the transient response of the cell
orientation with respect to the change in the magnetic field’s direction. From the experiment in
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Figure 4.6: Manual control of artificially magnetotactic T. pyriformis. (a) The traveled
trajectory for the first 15 seconds. (b) The direction of the cell motion and magnetic field. The
scale bar is 100 µm.
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Figure 4.7: The relation between the angular velocity and the angle φ, which is the angle
between the cell motion and the magnetic fields. The slope of the regression line is 4.143
rad/sec
Figure 4.6, the relationship between the angular velocity ω and the angle φ, which is the difference
between angles of the cell orientation and the magnetic fields, is shown in figure 4.7. The data
from the manual control experiment was collected for 90 seconds for reliability. In Figure 4.7, it
can be seen that angular velocity ω and sin(φ) have a linear relationship which verifies that the
angular velocity also has a linear relation with the torque τ from equation 4.2. When the direction
of the magnetic field changes, T. pyriformis needs time to respond as explained previously. Since
this experiment changes the direction of the magnetic field to the right angle from the direction of
the cell motion (φ = pi/2), there are many points around sin(φ) = ±1 which do not have a linear
relationship with the angular velocity because these points represent the transient response of the
cell. Thus, these data points should be excluded when computing the linear relationship. According
to the kinematic equations 4.11, the slope becomes mB/8piηr3 and the magnetic moment of the
internalized magnetite in the cell body is estimated as 7.76× 10−13Am2 which is similar to that of
previous results. The difference of the magnetic moment among cells is owing to the different amount
of aggregated magnetites and cells’ size, which affect the exerted magnetic force and rotational drag
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torque.
4.5 Simple Tracking Algorithm
A simple real-time feedback control was performed with a vision tracking system, to demonstrate
controllability of a artificial magnetotactic T. pyriformis cell. Since the endogenous motility of the
cell is combined in one system with artificial magnetotaxis, the motion of artificially magnetotactic
T. pyriformis is finely controllable. Thus, artificially magnetotactic T. pyriformis is a promising
candidate microrobot for microassembly and transport in microfluidic environments.
To verify the controllability of magnetotactic T. pyriformis, a simple feedback control algorithm
was implemented to maneuver a cell to the desired position. Since the cell preferentially swims
along the direction of the magnetic fields, the magnetic fields are applied in the direction toward
the destination point from the current cell position, while the strength of the magnetic field is held
constant illustrated in figure 4.8. The magnetic fields as an input source for the simple tracking
algorithm is expressed by the following equation 4.15, where θm is the direction of the magnetic
fields, and x and y represent the position coordinates of the destination and the cell.
θm = tan
−1
(
yt arg et − ycell
xt arg et − xcell
)
(4.15)
To compute position information for a cell, a tracking algorithm to find the centroid was used
explained in appendix C. Each cell was guided through a sequence of five destination points, as
shown in figure 4.9a. Once the cell travels to all five destination points, it will return again to the
first destination point. In the case shown in figure 4.9a, the cell approached from the top of the
image and the vision system began tracking to detect its position. Then, the feedback control was
initialized and the cell was controlled to move the destination point on the bottom left. For real-
time feedback control, the images are captured at 8 frames/s. Figure 4.9b shows the relationship
between the direction of the cell’s motion (triangles) and the direction of the applied magnetic field
(circles). The red reference line indicates the direction from the previous destination target to the
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Figure 4.8: Schematic drawing for the point to point control (simple tracking method). (a)
the direction of the magnetic fields θm is set as an angle to the target from the cell’s position.
(b) When the target is located back, θm is set as θlimit to avoid the sudden change.
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Figure 4.9: Real-time feedback control of T. pyriformis using the electromagnet system (a)
path through five sequential destination points (b) direction of motion of T. pyriformis (triangle),
magnetic field direction (circle), and reference between previous and current targets (red line).
The scale bars are 250 µm.
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next destination target.
The magnetic fields were applied to guide the cell to the destination points and consequently
were roughly aligned with the reference direction, with some fluctuations to compensate for the
oscillations of the cell due to the corkscrew swimming motion. The average speed of the cell was
448.9 µm/s, with a standard deviation of 111.0 µm/s. The speed of this cell was smaller than that
of normal cells in because of its frequent turning motions during the feedback control.
4.6 Path Planning: Rapidly-exploring random tree
The simple-tracking feedback control algorithm explained above is not perfect because the speed of
the cell is not controllable. Ideal control of the position and orientation of the cell would require
both the velocity and steering angle to be controllable, as in a car. However, in this case, only the
steering angle is controllable, which means the cell cannot be reliably directed toward the destination
point when the direction toward the destination point is closely located at a right angle to its current
direction of motion. To overcome this restriction, a feasible path planning algorithm is integrated
to control the cell’s position and orientation.
To find the global path between two configurations rapidly-exploring random tree (RRT)91,92,
one of the fastest path planning schemes for non-linear system, is used. There are advanced algo-
rithm called probabilistic path planner93 and the randomized path planner94, designed for clustered
environment. However, in this thesis, we use RRT because our environment is simple and does not
have obstacles. In future, those advanced algorithms may be needed to be integrated to overcome
complexity of environment.
4.6.1 Method: Rapidly-exploring random tree for T. pyriformis
The dynamics of a T. pyriformis cells motion is nonlinear and similar to that of a car. When
it is being controlled, a T. pyriformis swims forward only and changes directions with a turning
radius. To fully manage the motion of this cell, both translational and rotational velocities should
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Figure 4.10: The basic motions for the local path planner of RRT. Translation-rotation-
translation is one set of basic motions.
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Figure 4.11: The local path planner. (a) succeed to generate the local path using the line-
arc-line combination. (b) failure case due their parallel orientations. When initial and final
orientations are in parallel or opposite, the local path cannot be generated (c) failure case due
to closely located final position.
be controllable. However, since we are only able to manipulate the rotational velocity using the
magnetic fields, magnetotaxis of T. pyriformis is not sufficient for complete control of the cell
motion. In the case of T. pyriformis, the translation velocity is controlled by the cell itself while
only the angular velocity can be manipulated by the magnetic field. Controlling the motion of T.
pyriformis is a problem similar to one found for a car parking-assistant system which only controls
the steering angle. For a parking assistant system, the translational velocity is controlled by the
driver for safety reasons95. To accomplish autonomous car parking-assistance without controlling
the translational velocity, feasible path planning is an essential scheme. Like a parking-assistant
system, the feasible path planning scheme is required with feedback control to guide the cell to the
desired configuration (x, y, θ). The following description explains the concept of this algorithm.
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1) Local path planner For path planning, the basic motions are defined as translational and
rotational motion. The translational motion is forward swimming movement without turning and
the rotation motion is radial swimming movement with a turning radius. A local path is defined as
translation-rotation-translation motion in sequence, which is described in Figure 4.10. The turning
radius of the cell determined in chapter 4.4 is used to define the rotation motion.
There are many ways to connect two given random configuration using a local path defined as
translation-rotation-translation motion96. However, those methods includes forward and backward
motion, or combination of those. However T. pyriformis always swims forward, some cases which
includes backward motions are not available. In addition, we limit the difference of orientation
within ±pi/2 to exclude long travel paths. Thus, there are only a few cases available to connect two
random configuration shown in figure 4.12a. In some cases, there are no local paths which connects
two configurations illustrated in figure 4.12b and 4.12c due to the parallel or opposite orientation of
two configuration or the closely located configuration.
After finding a local path, the existence of the path in the field of view is checked and excludes
the non-existing path. Since there is no obstacle in our experiments, collision avoidance is not
considered in this experiment. In the future, however, the collision with existing obstacles should
be check.
2) Roadmap Construction Before constructing a roadmap, we randomly generate N nodes in
the state space of the system (x, y, θ) illustrated in figure 4.12a. We then define a directed graph
structure called a roadmap, in which the N nodes are the vertices. Any two vertices p1 and p2 in the
roadmap are connected by an edge using the local path planner shown in figure 4.12b. This process
is conducted between each node in the entire roadmap. Note that this calculation is performed
off-line.
3) Global path planner Once the start and final nodes are added on the roadmap, those two
nodes are then connected to the roadmap shown in figure 4.12c. Once they are connected, a feasible
path is generated through the constructed roadmap using D* search algorithm illustrated in figure
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Figure 4.12: RRT path planner (a) randomly generated nodes. The dot and arrow represent
the position (x, y) and orientation θ, respectively. (b) find the connected nodes from the initial
node using the local path planner. The connection is save as an edge of the roadmap. (c) The
start and final configurations are added and connected to the existing roadmap. (d) find the
path between the start and final configuration through the roadmap. As an search algorithm,
A-star algorithm is used.
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Figure 4.13: Simulation of RRT path planning. 300 nodes are generated and connected to
each other by the local path planner. (a) Entire map with the connection. Blue dashed line is
local paths betweens nodes. (b) Path planning and searched paths. Black solid line shows a
results path. Blue dashed lines are searched path but not selected. The initial pose and final
poses are represented by pi and pg.
4.12d. It is possible to fail to find a path through the roadmap due to the absence of connections
between the two nodes. In this case, repeats the planning process on the next time step because
the current configuration is changed in real-time, which is same to the start pose. Thus, instead of
putting in a great deal of effort to connect the start and goal nodes with heavy computational burden,
another path can be found on the next step with the new start configuration. It will maintain the
real-time control with the path planning algorithm.
Once the feasible path is found, a sequence of intermediate targets is generated on the feasible
path as a trajectory. Feedback control of the cell swimming direction is achieved by changing the
direction of the magnetic field in order to guide a cell to reach a single target point from its current
position. The strength of the magnetic field in the center is constant but the direction (θm) is
adjusted by manipulating two sets of Helmholtz coils in the x and y axes. Once the cell reaches
the intermediate target, the cell continues to follow the next target until the cell arrives at the final
configuration.
In figure 4.13, the simulation of RRT path planning methods are shown. Initially, three hundred
nodes are generated randomly in the fields of view. Each nodes are connected to other nodes using
the local path planner so that it creates the collision-free and feasible path for artificial magnetotac-
tic T. pyriformis. Figure 4.13 (a) shows the entire connection between nodes and 2151 connections
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are created between nodes. In figure 4.13 (b), the black solid line illustrated the results path from
the current pose pi and goal pose pg, which is generated through three connections between four
nodes. The dashed lines are searched paths but not selected as a result path.
4.6.2 Results and Discussion
To direct a cell to the desired position and orientation (x, y, θ) the RRT was implemented with
feedback control. The cell was controlled in the same PDMS channel used in the experiment in
Figure 4.6, and there is no physical obstacle and wall in the field of view. We generated 300 nodes
randomly for the RRT in the field of view where is 2 mm by 2 mm. The total number of generated
nodes was optimized from experiments to plan a path which passes through at most three nodes
from the random start configuration to the final configuration.
For the rotational motion of the local path planner, the turning radius was set to 220 µm which is
the minimum turning radius of the normal cells. The minimum turning radius was measured by the
pre-processed experiment described in chapter 4.4. Since each cell has a different parameters, the
minimum turning radius and the magnetic moment are obtained from the pre-processed experiment.
Once the path is generated by the RRT algorithm, the intermediate targets are created in se-
quence along the path with a certain distance, which is set to 100 µm in this experiment. The whole
system was processed at 8Hz for the real-time feedback control and the final configurations were
located in the center with the different orientations. The current position and orientation is consid-
ered as the start configuration for path planning. Sometimes the cell does not move well or becomes
temporary stuck to the bottom of the channel. In this case, the control of the cell is considered as
a failure and the RRT creates a new feasible path from the current configuration.
Figure 4.14 shows four different cases of feedback control with feasible path planning. The feasible
path was planned for the cell to approach the goal configuration with the desired orientation. The
planned paths and real-travelled paths are represented by the red dot line and solid black line
respectively. Figure 4.15 shows the direction of the cell motion (blue triangles) and the applied
magnetic field (black circles) in the case of Figure 4.14a. The red reference line indicates the
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Figure 4.14: Real-time feedback control with the RRT for T. pyriformis. (a)-(d) show the
four different cases. The red dot lines are the planned paths by the RRT and the black solid
lines are the traveled paths of magnetotactic T. pyriformis. The scale bar is 100 µm.
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Figure 4.15: Direction of motion of T. pyriformis (blue triangle), magnetic field direction
(black circle), and reference between previous and current targets (red line) for real-time feed-
back control of T. pyriformis.
direction from the previous target point to the next target. The direction of the cell motion followed
the reference line, which means that exerted torque from the angle between the direction of the cell
motion and the direction of the magnetic field properly guided the cell to the target. Also, there are
some transient responses after the reference line is changed, which is the same phenomena from the
manual control experiment in Figure 4.6.
In summary, the relationship between the angular velocity and the torque provides a deeper
understanding of the behavior of magnetotactic T. pyriformis under the magnetic field. In addition,
the RRT, a path planning algorithm for nonlinear systems, is combined with feedback control to
accomplish 3-dimensional (x, y, θ) control of T. pyriformis. This position and direction control of
artificially magnetotactic T. pyriformis can be used for micro-scale engineering work.
4.7 Summary
In this chapter the potential of employing T. pyriformis as microbiorobots to accomplish a variety
of significant engineering and biotechnological tasks in microfluidic environments. We introduced
control algorithms for artificial magnetotactic T. pyriformis. This artificial magnetotaxis is created
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by magnetization of magnetite particles internalized by T. pyriformis cells. The direction of mo-
tion of the cell is controlled with two sets of approximate Helmholtz coils on the x and y axes.
Combining this setup with simple feedback control allowed a T. pyriformis cell to be repeatedly
directed through a sequence of five destination points. This enhancement of a motile microorgan-
ism with artificially created magnetotaxis, which allows these cells to be finely controlled, makes
artificially magnetotactic T. pyriformis a promising candidate as a microrobot to address a variety
of significant engineering and biotechnological tasks in microfluidic environments. Circular motion
and manual control provided understanding of the cell’s movement under the magnetic fields such as
the magnetic moment of the internalized magnetite and the minimum turning radius with real-time
feedback control
In addition, real-time feedback control and a feasible path planner RRT for path planning ware
implemented for the whole system. The RRT was implemented as a path planner because it is simple
and efficient at generating a feasible path for the nonlinear motion of T. pyriformis. Combining
feedback control and the RRT allows the magnetotactic T. pyriformis to travel along the planned
trajectory and finally reach the desired position with the desired orientation.
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Chapter 5: Three-dimensional control of Artificial Magnetotactic
Tetrahymena pyriformis
5.1 Introduction
In this chapter, we have demonstrated three-dimensional (3D) control of a live organism, artificial
magnetotactic T. pyriformis, as a microrobot and tracked its three-dimensional position using the
intensity information of the cell image. Artificial magnetotactic T. pyriformis, which internalizes iron
oxide particles, was controlled by manipulating the swimming direction of a cell in three-dimensional
space using two sets of Helmholtz coils and one coil for the z-axis. The locations in the z-axis were
evaluated using the mean intensity of a cell which decreased exponentially above 20 µm from the
focal plane. In addition, the changes of the size and eccentricity according to its depth are discussed.
The 3D control of magnetotactic T. pyriformis may be utilized for microscale engineering tasks such
as target transport, cell therapy, and 3D microassembly as a microrobot.
5.2 Three-dimensional (3D) Control System for Artificial Magnetotactic
Tetrahymena pyriformis: Experimental setup
The overall system for the 3D control using 5 coils is illustrated in figure 5.1. Two sets of approximate
Helmholtz coils are used for x and y axes, and one electromagnetic coil is utilized for z-axis control.
The coil frame is set on an inverted microscope (Leica DM IRB) and the images are captured at
10 frames per second using a high resolution camera (MotionPro X3). A vision system and host
computer computes positions of the cells using the captured images. The power supply is controlled
manually or automatically through customized software written by visual c++.
In figure 5.2, both the top and bottom of the coil configurations are illustrated, respectively.
The approximate Helmholtz coils are designed to generate uniform magnetic fields of about 2.0 mT
to exert a torque without translational force. Using the combination of magnetic fields exerted by
the two sets of Helmholtz coils in the x and y axes, the directional control of the magnetic fields is
achieved. One electromagnet for z-axis control is located on the bottom of the stage illustrated in
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Figure 5.1: The 3D magnetic control system for artificial magnetotactic T. pyriformis. It
includes the electromagnets, microscope, vision system, host computer and power supplies.
(a) (b)
Figure 5.2: The coil configuration drawing in two different views for the 3D magnetic control
system for artificial magnetotactic T. pyriformis. (a) top view (b) bottom view
Chapter 5: Three-dimensional control of Artificial Magnetotactic Tetrahymena
pyriformis
59
M
ag
ne
tic
 F
ie
ld
 (m
T) 5
4
3
2
1
0
6
x (mm)
-20 -10 20100
(a)
x (mm)
8
4
2
0
6
-20 -10 20100
M
ag
ne
tic
 F
ie
ld
 (m
T)
B
Bxz
Bxy
(b)
Figure 5.3: Magnetotactic motion of T. pyriformis (a) trajectory when the magnetic field is
applied along the y-axis. (b) associated velocity direction histogram.
5.2. We found that a stronger magnetic field is needed to steer a cell to the z-axis. This may be
attributed to gravity, but further investigation is still necessary. Thus, instead using a Helmholtz
coil configuration for z-axis control, we utilized one electromagnet close to the sample area. The
electromagnet in z -axis is able to be replaced by other electromagnets if enough strength of magnetic
fields is exerted.
Figure 5.3a shows the simulation results of the magnetic fields created along the x -axis. Since
the field of view of the microscope is small at 2 × 2 mm2, the gradient of the magnetic fields is
negligible from -2 mm to 2 mm in Figure 5.3a. Thus, we assumed only torque is exerted by the
internalized magnetite. In Figure 5.3b, the simulation results show there are only magnetic fields
along the z -axis with strength of about 5.5 mT, which is also relatively uniform at the center as
well, while the x and y components of the fields are negligible. Because of our small field of view,
we assumed that a uniform magnetic field along the z-axis is generated without any magnetic fields
in xy-plane. The control of artificial magnetotactic T. pyriformis in 3D is achieved by manipulating
these coils. Two sets of Helmholtz coils are manipulated to control a cell in the xy-plane, and one
electromagnet located on the bottom is utilized to control a cell to travel along the z-axis.
Chapter 5: Three-dimensional control of Artificial Magnetotactic Tetrahymena
pyriformis
60
5.3 Vision-based Localization in Three-dimensional Space
The major challenge of microscale 3D tracking is that only the focal plane is available for observation
when using the microscope, in most cases. The depth of field of high magnification object lens is
very limited. The depth of filed can be calculated by the equation 5.1.
dDOF =
λ · n
NA2
+
n
M ·NA · e (5.1)
, where λ is the wavelength of illumination ,n is the refractive index of the imaging medium, NA
is the objective numerical aperture, M is the objective lateral magnification and e is the smallest
distance that can be resolved by a detector that is placed in the image plane of the objective.
Figure 5.4 shows the objective utilized in the experiment. When we assumed that the wavelength
of illumination is 550 nm and the pixel spacing of the camera is 9 µm, the depth of fields become
9.1 µm based on the properties of the objective in figure 5.4. The cell is well focused in 10 µm band
from the focal plane, the cell image becomes blurred when the cell moves away from the focal plane.
Thus, it is challenge to track the exact location under the microscope.
3D tracking of microspheres has been studied widely because the z-axis position is able to be
accurately calculated with its Gaussian distributed intensity profile created by its spherical shape97.
When a microsphere is far from the focal plane, the distribution becomes wider and the maximum
intensity decreases, with either property unaffected by the microsphere’s orientation.
However, 3D tracking of microorganisms and determining the z-axis position are difficult, due to
the deformation and uneven intensity profile of a cell. In most cases, the cell does not have a perfect
sphere shape and its intensity profile is different from a Gaussian distribution because the intensity
inside of the cell is similar with the background while that of the membrane differs. Normally, the
intensity distribution of the cells has two peaks in the cross section, with each peak corresponding to
the membrane on either side of the cell. When a cell is far from the focal plane, the image is blurred,
resulting in a decrease of the maximum intensity and a widening of the intensity distribution. Thus,
the two peaks are hard to recognize and blend together. At a long distance from the focal plane, the
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Figure 5.4: The objective used for 3D control experiment. The magnification M is 10× and
the objective numerical aperture is 0.30.
intensity of the cell and that of the background became indiscernible. The intensity information of
the cell is used to estimate the z -axis position. Typically, the maximum intensity and distribution
is used to determine the z-axis position. However, for our experiments, a mean intensity difference
between the cell and the background is used because it is quite consistent among cells. The intensity
of the cell is determined by the average intensity of the pixels occupied by the cell, while that of the
background is determined by the immediate unoccupied area around the cell.
To understand the relationship between the mean intensity difference and a cells position in
z -axis, non-motile T. pyriformis were prepared and observed under the microscope while changing
the focal plane. Non-motile T. pyriformis was obtained through a deciliation process described
in chapter 3.4. When deciliated cells are placed on the glass slide, most of the cells settle on
the bottom because they lost their motility. The microscope is then focused on the settled cells.
The intensity of the cells was observed under the microscope while the position in the z -axis is
manipulated manually. Even though both dead and deciliated cells are not motile, the shape of
dead T. pyriformis is characterized by a circular shape98, while that of a normal, nondeciliated
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Figure 5.5: Magnetotactic motion of T. pyriformis (a) trajectory when the magnetic field is
applied along the y-axis. (b) associated velocity direction histogram.
cell is pear-shaped. To obtain intensity information similar to that of motile cells, which are also
pear-shaped, the intensity profile of deciliated cells are used.
Figure 5.5 shows the mean intensity difference between a cell and the background versus the
z-axis position. Ten cells have been observed from 0 to 500 µm in the z-axis, where 0 µm is defined
as a cell in focus, and a positive value denotes an increase in distance between the original focal
plane (0 µm) and the objective. Circle and cross markers represent the first region from 0 to 20
µm and the second region beyond 20 µm, respectively. Each marker represents a captured image
of the cell; there are about 300 markers total. From 0 to 20 µm in the z-axis, the mean intensity
difference increases; beyond 20 µm, it decreases exponentially. Thus, curve fitting was separately
conducted for each region. One data set from 0 to 20 µm in the z-axis was fitted with the linear
curve, whose slope is 1.375 µm−1. The other data set from 20 to 500 µm in the z -axis was fitted
with the exponential equation expressed as follows.
I = ae−bz + c (5.2)
, where I is the mean intensity difference and z is the position in z-axis. The parameters a, b
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and c are 75.13, 0.004 and 7.316, respectively. When the position in the z-axis is 20 µm, the mean
intensity difference has a maximum value of 76.51. T. pyriformis normally swim above the substrate
and when they are located close to the substrate surface, their swimming speed decreases, a case
in which we are not interested. Thus, we assumed that the cell swims 20 µm above the substrate
which is focused as a datum. The position in z -axis is estimated by the equation 5.2.
5.4 Results and Discussion
Magnetotactic T. pyriformis are controlled manually in 3D space. The cell’s motion was controlled
in two different modes: one mode is planar in the xy-plane and the other is vertical on the z-axis.
Planar motion was conducted by only the Helmholtz coils while the z-axis coil was off. Vertical
motion was achieved using only the z-axis coil. Magnetotactic T. pyriformis were prepared on the
substrate in an open channel to ensure sufficient depth for the cell to swim. Figure 5.6 shows the
sequence images of the manually controlled T. pyriformis and the lines and circle markers are the
trajectories and centroids, respectively. The cell’s trajectory can be seen in figure 5.7, where the
planar mode of motion occurs in two distinct xy-planes. The xy-planes that are about 147.8 µm and
524.1 µm above the focal plane can be referred to as the lower plane and upper plane, respectively.
In figure 5.6a, T. pyriformis was controlled in planar mode in the lower plane, while their position
in the z-axis was maintained. To steer the cell along the z-axis, electromagnets in the x and y axes
were turned off and only the electromagnet in the z-axis was activated to create a magnetic field
on the z-axis. Figure 5.6b ∼ 5.6f are the series of pictures when the cell swims from the lower to
the upper plane. As shown in figure 5.6b, magnetotactic T. pyriformis is still pear-shaped when
swimming in the lower plane while in planar mode. As shown in figure 5.6c, the cell’s shape became
circular when the electromagnet in only the z-axis is activated. When a cell aligns with the magnetic
field in the z-axis, its anterior is pointed at the positive or negative direction in the z-axis, depending
on its polarity, resulting in what appears to be a circular cell shape. Figure 5.6d and 5.6e shows the
cell and its trajectory when it moves along the z-axis. When the cell moves upward, the intensity
difference between the cell and the background decreased and the cell size increased. The helical
trajectory indicates that the cell swims with a corkscrew motion. In figure 5.6f, the cell’s motion
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Figure 5.6: The manual control experiment. (a)-(l) The sequence of images of (a) planar
motion at around 147.8 µm from the focal plane, (b)-(f) upward vertical motion, (g) planar
motion at around 524.1 mm from the focal plane, and (h)-(l) downward vertical motion. The
scale bar is 100 mm.
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Figure 5.7: The trajectory of the 3D control experiment (a) 3D view, (b) a view of xy-plane
and (c) xz -plane.
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was switched to planar mode in the upper plane. At this depth, the cell appears to be an amorphous
blur. Figure 5.6g shows the trajectory of the magnetotactic T. pyriformis controlled by magnetic
field in the x and y axes on the upper plane. The intensity difference of the cell is still recognizable
but its difference is not significant. From figure 5.6h ∼ 5.6k, downward movement in the z-axis is
illustrated. Figure 5.6h and 5.6i are the images before and after the magnetic field in the z -axis
is applied, respectively. Since the cell is located far from the focal plane, it is hard to observe the
change of its shape like that in figure 5.6b and 5.6c. The downward swimming is illustrated in figure
5.6i ∼ 5.6k and the corkscrew motion is also observable; it is has a coil like trajectory. The cells
became distinct from the background and their intensity difference increased. Figure 5.6l shows the
motion in the lower plane after travelling along the z-axis. The cell shape changed to its original
pear-shape because it is close to the focal plane.
The whole trajectory for about 40 seconds is illustrated in 3D space in figure 5.6a. Figure 5.6b
and 5.6c represent the same trajectory in the xy and xz planes, respectively. There are peaks on the
trajectory in the z-axis which are at the beginning and end of the vertical mode of motion in the
z-axis. This may be attributed to the intensity values of the cells associated with their orientation
change while exiting the vertical mode of motion and entering the planar mode of motion. Since the
cell is aligned along the z-axis, the size of the cell is smaller than that of the cell when it moves in
the xy plane. Since the mean value has been used, the intensity difference should increase because
its size decreases.
The intensity difference, the size of the cell, and the eccentricity for the experiment are shown
in figure 5.8 and figure 5.9. The intensity difference between the cell and the background is greater
when the cell is focused. In contrast, the intensity difference decreases when the cell moves away
from the focal plane. From 0 to 8.5 seconds and 24.7 to 32.3 seconds, the cell travelled on the lower
plane. Thus, the intensity difference is high and the size of the cell is small in figure 5.8. Since
the cell is controlled in the upper plane between 10.7 and 22.3 seconds and after 34.8 seconds, the
intensity difference is low and the size is larger.
The fluctuation of the intensity difference when the cell moves in the lower plane is higher than
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that of the upper plane, while the standard deviation of the z-axis position for both cases are at 19.3
and 35.7 µm for the lower and upper plane, respectively. Also, when the cell was controlled in the
upper plane, its fluctuation in the z-axis is also about 71.4 µm; this might be the minimum depth
needed for T. pyriformis to swim freely. This fluctuation is due to the small position difference in
the z-axis around the focal plane, creating a large intensity difference based on the fitted curve in
figure 5.5, in which the intensity difference decreases exponentially. When the cell is far from the
focal plane, such as the upper plane, the fluctuation of intensity difference is not as pronounced, as
expected from the lower slope in figure 5.5.
The size of the cell during the experiment is shown in figure 5.8. The average size of a normal cell
is about 300 pixels. The lower plane is located over 100 µm above the focal plane; its size is about
550 pixels. When the cell moves on the upper plane, the size of cell is around 2000 pixels which is
about 10 times larger than that of the cell on the focal plane. In contrast to the intensity difference,
the fluctuation of a cell’s size is small when the cell is close to the focal plane. In the upper plane,
there is large variation of the cell size, possibly attributed to the poor intensity difference between
the cell and the background. Even though the size has a relationship with the z-axis position, it is
hard to use the size information to estimate the position in z-axis due to the large variance in cell
size.
There are three trajectories in which the cell moves along the z-axis at 8.5 ∼ 10.4, 22.4 ∼ 24.3,
and 32.3 ∼ 34.7 seconds. The direction of the magnetic fields is indicated as +z and −z while
electromagnets for the x and y axes are off. When the cell moves away from the focal plane, the
intensity difference decreases and the size of the cell increases. Also, since the size decreases due to
the cell’s shape difference when it swims along the z-axis and on the xy plane, there are a decrease
and an increase of the cell’s size at the beginning and end of these durations, respectively, which
might affect the localization in z-axis.
The eccentricity is the ratio of the distance between the foci of the ellipse to its major axis length.
The eccentricity is 0 for a circle and 1 for a line; T. pyriformis is considered as an ellipse. Thus,
the eccentricity of a pear-shaped cell on the focal plane is normally around 0.8 ∼ 0.9, as the average
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size of T. pyriformis is 25 µm by 50 µm98. Figure 5.9 shows the eccentricity of the cell during
the experiment. When the cell moves on the lower plane, which is close to the focal plane, the
eccentricity is around 0.8569 with a variance 0.0128, which means the cell shape is maintained on
the lower plane. However, the eccentricity decreased to round 0.5065 with a relatively large variance
of 0.0807. Thus, it is verified that the cell shape on the image becomes more circular due to the
blurred image. In addition, when the cell is controlled in vertical mode, the eccentricity decreased to
around 0.4, indicating a more circular shape due only to the change in orientation. The eccentricity
and the cell size may possibly be integrated with the intensity information for robust localization in
the z-axis. The eccentricity may provide specific information as to whether the cell moves along the
z-axis or not. While the cell swims close to the focal plane, the variance of the cell size is smaller
than that of the intensity difference. When the cell size and intensity information is combined, the
performance of cell localization would be enhanced.
5.5 Summary
In this chapter, we have demonstrated 3D control of a live organism, artificial magnetotactic T.
pyriformis, as a microrobot and tracked its 3D position using the intensity information of the cell.
Artificial magnetotactic T. pyriformis, which internalizes iron oxide particles, was controlled by
manipulating the swimming direction of a cell in 3D space using two sets of Helmholtz coils and
one coil for the z -axis. The locations in the z -axis were evaluated using the mean intensity of a
cell which decreased exponentially above 20 µm from the focal plane. In addition, the changes of
the size and eccentricity according to its depth are discussed. The 3D control of magnetotactic T.
pyriformis may be utilized for microscale engineering tasks such as target transport, cell therapy,
and 3D microassembly as a microrobot.
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Chapter 6: Conclusion and Recommendation
6.1 Conclusion
In this research we have investigate a new type of microrobots, called cellular robots, using a eu-
karyote Tetrahymena pyriformis(T. pyriformis), and demonstrated its controllability in microfluidic
environments. Since T. pyriformis exerts powerful propulsive force using its endogenous mobility,
it is an extremely promising candidate as a microrobot for micro/nano scale tasks if combined with
robust control, which we have established by integrating inorganic material in the cell body.
At the beginning stage of this research, the endogenous taxes such as galvanotaxis and phototaxis
have been extensively investigated. This was conducted to discover how T. pyriformis responds to
the external stimuli such as electric fields and light. Under the electric fields, T. pyriformis shows
cathodal galvanotactic motion. Furthermore, T. pyriformis shows negative phototactic movement
under ultraviolet light.
After realizing that T. pyriformis readily ingests micro-scale objects such as microspheres and
bacteria, this research becomes focused on synthesizing artificial magnetotaxis on T. pyriformis
using nano-magnetic particles. Artificial magnetotactic T. pyriformis is fabricated by magnetizing
internalized magnetic particles which form a rod shape aggregation in the cell body. Then, T.
pyriformis becomes controllable by manipulating an external magnetic field which, consequently,
creates a torque that is exerted on the cell body by the internalized magnetic particles.
The research continued with the development of a kinematic model of the artificial magnetotac-
tic T. pyriformis in order to design real-time feedback control schemes. Due to nonlinearity of its
kinematic model, a feasible path planner and feedback control algorithm were implemented together
to control artificial magnetotactic T. pyriformis. Autonomous feedback control of artificial magne-
totactic T. pyriformis was conducted in real-time to demonstrate the controllability and potential
applications of artificial magnetotactic T. pyriformis as a microrobot. The research was extended
to control artificial magnetotactic T. pyriformis in three-dimensional (3D) space. The localization
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in 3D space was conducted by using the intensity information of a cell because the field of depth is
limited, that is main drawback of microscopy.
This is the first work to utilize a microorganism as a microrobot by employing endogenous and ar-
tificial taxes for control purpose. This work has an impact on microrobotics. This new idea to develop
a microrobot by combining a bio-molecular actuator with inorganic controller is a concept which
may be applicable to other microorganisms to enhance controllability and repeatability. We have
integrated navigation algorithms (path planning and autonomous feedback control) to demonstrate
the potential applications for microrobots, while most previous studies in microrobotics have focused
on fabrication methods, locomotions, and control modalities. Magnetic fields is used for control and
localization in vivo and in vitro experiment due to its permeability, therefor highly promising tools
in microrobotics. The idea to implement artificial magnetotaxis onto microorganisms allow taking
advantages of magnetic field related technique and equipments.
6.2 Recommendation for Future work
There are several potential extensions of this research. To complete the micro/nano-scale task, it
is essential to load an organic or inorganic material to transport to another location. There are
several ways suggested; pushing, pulling, internalizing, and harnessing. Those methods are possible
for T. pyriformis. The pushing or pulling may be conducted by attached tools such as a gripper
on its cell body. Attaching tool may occur using cross-link linkages such as avidin-biotin linkage,
which has one of the highest known affinity constants, and the linkage is very stable99. Deciliation
process of T. pyriformis discussed in chapter 3.4 should improve the effectiveness of the process.
The other possibility is internalization. This will be a similar process with that of fabrication of
artificial magnetotactic T. pyriformis. The releasing method should be considered in this option.
The last option is harnessing; Instead of tools, the material may be directly attached on the cell
body. The releasing method should be investigated with these loading methods as well.
Another requirement is the swarm control of microrobots. It may hard to exert enough power
to control micro/nano-scale tasks by a single microrobot if a load is heavy or surround flow is too
strong. If multiple robots are controlled and conduct a mission in concert, like a swarm of fish, a
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swarm of microrobot may cope with a variety of micro/nano-scale tasks.
The microrobots in various fluidic environment should be characterized and investigated. In our
experiment and most in vitro environment, the fluidic environment is Newtonian fluids. However,
some environment such as blood or mucus in human body are Non-Newtonian fluids. In such envi-
ronments, fluid dynamics of swimming locomotions would be different and need to be investigated
to control microrobots.
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Appendix A: Cell Culture of Tetrahymena pyriformis
T. pyriformis cells are cultured using standard medium containing 0.1% yeast extract and 1.0%
tryptone (Difco, Michigan, USA) solved in distilled water.37 The cell cultures are generated by
inoculating 10 ml of fresh medium with 200 µl of conditioned cells. The medium is cultured for 18
hours at . The cells quickly transition to a logarithmic growth phase and it takes about 18 hours to
be saturated. The cell density of saturated cell culture is 104 cells/ml. The saturated culture can
be sustained for several days.
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Appendix B: Theory of the electromagnetics
The magnetic fields from a single loop of the coil is calculated based on the Biot-Savart Law77,
expressed as equation B.1.
dB =
µ0
4pi
Idl × rˆ
r2
(B.1)
, where B is the magnetic field, µ0 is the permeability of air (4pi × 10−7Tm/A), I is current, r is a
displacement vector, rˆ is the unit vector of r and dl is a vector whose magnitude is the length of the
differential element of wire.
From the geometry, the terms in equation B.1 are expressed as follows
Ix = −I sin θ
Iy = I cos θ
dl = Rdθ
(B.2)
,where Ix, Iy and R are the current in x and y-axis, and radius of the coil loop, respectively. When
the observation point is set to [x, y, z], the displacement vector is expressed as,
r = [x−R cos θ, y −R sin θ, z]
|r| =
√
(x−R cos θ)2 + (y −R sin θ)2 + z2
rˆ = r/|r|
(B.3)
The equation B.1 is too complex to integrate from the observation point [x, y, z]. Thus, Let’s set
the observation point [0, 0, z], where the center axis of a single loop exists illustrated in B.2. From
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Figure B.1: The magnetic field strength of the Helmholtz coil set at the center. Nearly
constant magnetic field is created in the field of view.
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Figure B.2: The magnetic field strength of the Helmholtz coil set at the center. Nearly
constant magnetic field is created in the field of view.
the geometry the displacement vecter r is expressed as equation B.4.
r = [R cos θ,R sin θ, z]
|r| = √R2 + z2
(B.4)
When the equation B.1 is integrated using the given replacement vector in equation B.4, the
magnetic fields is expressed as follows.
B =
µ0IR
2
2(R2 + a2)
3/2
(B.5)
Figure B.3 shows the schematic drawing of the Helmholtz coil configuration. In Helmholtz
configuration, the distance between the coil is same to the radius of the coil loop. The strength of
the magnetic fields for the Helmholtz configuration illustrated in figure B.3 is expressed by modifying
the equation B.5.
B =
µ0IR
2
2(R2 + (R/2 + z)
2
)
3/2
+
µ0IR
2
2(R2 + (R/2− z)2)3/2
(B.6)
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Figure B.3: The magnetic field strength of the Helmholtz coil set at the center. Nearly
constant magnetic field is created in the field of view.
The strength of the magnetic fields at the center (z = 0) described as the observation point in
figure B.3 as follows.
B =
(
4
5
)3/2
µ0I
R
(B.7)
Figure B.4 shows the strength of the magnetic fields on the center axis (z -axis in figure B.3). It
exerts the nearly uniform magnetic fields. In the Helmholtz configuration, the magnetic field at the
center is the maximum (Bmax at z = 0). The magnetic field at z = ±0.313R is 0.99Bmax. Thus,
the 99% of the magnetic fields is maintained in 62.6% of the radius R at center. In our setup, the
radius R of the coil is 3 cm; thus the 99% magnetic field area is 3.13 cm at center. In figure B.5,
the gradient of the magnetic fields is almost zero at round center.
The strength of the magnetic field increases when the current increases and the radius of the coil
decreases. The coil parameters are described in table 4.1.
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Appendix C: Image processing of motile micro-organisms(T. pyriformis)
The positions of the cell is calculated by the image process technique illustrated in figure C.1. In
the captured image, the pixels of the cell are darker than that of background. The inside of the cell
has sometimes very similar intensity to that of the background, especially when it is focused well.
To find the location of the cell from the image, the binarization technique is used.
First, the threshold of the binarization is set between 0 to 255. If the intensity value of the pixel
is greater than or equal to the threshold, it becomes one, and otherwise it becomes zero. As a result,
the image is converted to the binarized image illustrated in Step2 of figure C.1. Since the white
pixels are considered as an object, the images may be inverted if necessary in step 3. Some captured
images under the phase contrast illumination may not need this step. Then, the small noise particles
are erased by setting the proper size of the cell in pixel, whose result is shown in step 4. In step
5, the centroid of each objects is calculated based on the following equationC.1. The last image on
step 6 displays the centroid of the detected cell on the original captured images.
(xc, yc) =
(∑
Aixi
At
,
∑
Aiyi
At
)
(C.1)
The detected objects between the frames need to be matched to each other to track one object
through the captured images. There are many way to correlate them such as a distance, shapes,
features, sizes, and so on. In experiments, the distance is simply used as a parameter for their
correlation. Once the objects are detected on two consecutive images, the distance between objects
in two frames are calculated. Based on the assumption that the frame rate is fast enough to make
the same objects be located closely in two consecutive images, the detected objects can be correlated
to each other. The enhanced matching methods for T. pyriformis is introduced in the reference 100.
The velocity of the object can be calculated by the following equation C.2.
81
Figure C.1: The images after each image processing step to find the location of T. pyriformis,
Step 1: original image. Step 2: Binarized image. Step 3: Inverted image (if necessary). Step 4:
Remove noises. Step 5: find the centroid. Step 6: Display the centroid on the original image.
vn =
(xn+1 − xn)i+ (yn+1 − yn)j
∆t
(C.2)
Appendix C: Image processing of motile micro-organisms(T. pyriformis)
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